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A. C h e l i u s t k i n  
December 1 9 7 5  
R e s e a r c h  R e p o r t s  are p u b l i c a t i o n s  r e p o r t i n g  
o n  t h e  work of t h e  a u t h o r .  Any v i e w s  or  
c o n c l u s i o n s  are  t h o s e  o f  t h e  a u t h o r ,  a n d  d o  
n o t  n e c e s s a r i l y  r e f l e c t  t h o s e  o f  IIASA. 
* P r e p a r e d  i n  c o l l a b o r a t i o n  w i t h  t h e  Moscow 
I n s t i t u t e  o f  C o n t r o l  S c i e n c e s  

P r e f a c e  
The h o t  s t r i p  m i l l  i s  one of  t h e  most compl ica ted  and c o s t l y  
i n s t a l l a t i o n s  o f  modern s t e e l  works. The h i g h e r  t h e  p r o d u c t i v i t y  
o f  such a  m i l l ,  t h e  lower i s  t h e  p r o d u c t i o n  c o s t  of  r o l l e d  s t r i p s .  
To i n c r e a s e  p r o d u c t i v i t y ,  t h e r e  i s  a  tendency t o  i n c r e a s e  t h e  
s l a b  we igh t  and r o l l i n g  speed.  But ,  a s  i s  shown i n  t h i s  p a p e r ,  
c e r t a i n  t e c h n o l o g i c a l  l i m i t a t i o n s ,  a l t h o u g h  n o t  obv ious ,  must be 
c o n s i d e r e d  i n  t h e  d e s i g n  of  t h e  m i l l ' s  computer c o n t r o l  and 
t e c h n o l o g i c a l  equipment ,  s i n c e  t h e y  i n f l u e n c e  p r o d u c t i v i t y  i n  
v a r i o u s  ways, depending on t h e i r  combinat ions .  
Systems a n a l y s i s  shou ld  be  used t o  e s t i m a t e  how t h e s e  combinat ions  
i n f l u e n c e  p r o d u c t i o n  q u a l i t y  and e f f i c i e n c y ,  and what d e s i g n  
requ i rements  s h o u l d  be fo rmula ted .  
T h i s  p a p e r  i s  an a t t e m p t  t o  a p p l y  sys tems a n a l y s i s  t o  t h e  formu- 
l a t i o n  o f  problems,  and t o  t h e  g e n e r a t i o n  o f  new methods f o r  
overcoming t e c h n o l o g i c a l  l i m i t a t i o n s ,  i n  o r d e r  t o  o b t a i n  b e t t e r  
q u a l i t y  s t r i p s  and h i g h e r  p r o d u c t i v i t y  i n  t h e  h o t  s t r i p  m i l l .  
Most of  t h e  new i d e a s  and methods of  m i l l  c o n t r o l  d e s c r i b e d  h e r e  
have n o t  been implemented o r  even t r i e d  i n  p r a c t i c e ;  however, 
computer s i m u l a t i o n s  of  t h e  proposed r o l l i n g  p r o c e s s ,  u s i n g  new 
c o n t r o l  methods, a r e  shown t o  l e a d  t o  s i g n i f i c a n t l y  i n c r e a s e d  
e f f i c i e n c y .  
I t  i s  obvious  t h a t  f u t u r e  i n v e s t i g a t i o n s  i n  t h i s  d i r e c t i o n  s h o u l d  
be made, and t h e  a u t h o r s  hope t h a t  t h i s  w i l l  be done th rough  t h e  
i n t e r n a t i o n a l  c o l l a b o r a t i o n  of  d i f f e r e n t  i n s t i t u t i o n s  and s t e e l  
companies,  w i t h  IIASA a c t i n g  a s  c o o r d i n a t o r  and c a t a l y s t .  
Most of  t h e  work connected  w i t h  t h e  p r e s e n t  r e s e a r c h  and t h e  
p r e p a r a t i o n  of  t h i s  paper  was done by t h e  s t a f f  of  t h e  I n s t i t u t e  
o f  Con t ro l  S c i e n c e s ,  USSR: D r s .  J .  Massalsky,  T .  Koinov, and 
D.  Dobronravov, and e n g i n e e r s  A. Tropkina  and A. Genkin, under -  
t h e  guidance  o f  P r o f .  A. C h e l i u s t k i n .  
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1. I n t r o d u c t i o n  
Cont inuous  c a s t i n g  machines ( C C M ) ,  combined v i a  t h e  s l a b  y a r d  
w i t h  h o t  s t r i p  m i l l s  (HSM), make up t h e  modern i n s t a l l a t i o n  o f  
t h e  steel  i n d u s t r y .  With a n  a n n u a l  c a p a c i t y  o f  up t o  1 0 , 0 0 0 , 0 0 0  
t o n s ,  t h e y  r e p r e s e n t  t h e  most e x p e n s i v e  p a r t  o f  t h e  steel  p l a n t  
(up  t o  50% o f  t o t a l  i n v e s t m e n t s ) .  Moreover,  t h e  a n n u a l  o p e r a t i n g  
e x p e n s e s  a r e  a l m o s t  e q u a l  t o  t h e  c o s t  o f  t h e  complex mechan ica l  
and e l e c t r i c a l  equipment .  The f i x e d  p a r t  o f  t h e s e  o p e r a t i n g  
e x p e n s e s  (which does  n o t  depend on t h e  p r o d u c t i o n  l e v e l )  i s  a b o u t  
50 t o  60% o f  t h e  t o t a l  p r o d u c t i o n  c o s t ;  t h u s  t h e  h i g h e r  t h e  
p r o d u c t i o n ,  t h e  less do t h e  f i x e d  e x p e n s e s  i n f l u e n c e  p r o d u c t i o n  
c o s t  [ 2 1 ]  . 
The above f i g u r e s  show t h e  impor tance  o f  p r o c e s s  c o n t r o l ,  s i n c e  
minor d i s t u r b a n c e s  o r  improper ly  c o o r d i n a t e d  o p e r a t i o n s  r e s u l t  
i n  g r e a t  economic l o s s e s .  The v a r i o u s  CCM-HSM u n i t s - - t h e  con- 
t i n u o u s  c a s t i n g  machines themse lves ,  h e a t i n g  d e v i c e s ,  t h e  rough ing  
and  f i n i s h i n g  t r a i n s  o f  h o t  s t r i p  m i l l s ,  e t c . - - a r e ,  a s  a  r u l e ,  
i n v e s t i g a t e d  i n d e p e n d e n t l y .  
I t  i s  u s u a l l y  c o n s i d e r e d  t h a t  t h e  i n p u t  o f  e a c h  u n i t  o f  a  s tee l  
p l a n t  i s  t h e  o u t p u t  o f  t h e  p r e v i o u s  u n i t s ,  and  t h a t  e a c h  u n i t  i s  
o p t i m i z e d  a c c o r d i n g  t o  i t s  own c r i t e r i a .  T h i s  n a t u r a l l y  l e a d s  
t o  c o n t r a d i c t i o n s  when t h e  v a r i o u s  p a r t s  of  t h e  p r o c e s s  a r e  
e v a l u a t e d .  T h i s  problem can  be  r e s o l v e d  o n l y  w i t h  t h e  h e l p  o f  a  
sys t ems  approach  t o  o p e r a t i o n  a n a l y s i s ,  based  on t h e  c r i t e r i a  
which c h a r a c t e r i z e  t h e  complex a s  a  whole.  I n  t h i s  s t u d y ,  t h e  
main p r i n c i p l e s  o f  t h e  sys t ems  approach  t o  steel p l a n t  and s t r i p  
p r o d u c t i o n  c o n t r o l  a r e  c o n s i d e r e d  i n  t e r m s  o f  t h e  t e c h n o l o g i c a l  
and o r g a n i z a t i o n a l  i n t e r a c t i o n  o f  t h e  v a r i o u s  u n i t s  [ 9 ,  1 1 ,  1 2 1 .  
I n v e s t i g a t i o n  o f  a  2000 HSI,I s e r v e d  a s  t h e  b a s i s  f o r  d e t e r m i n i n g  
t h e  o p e r a t i o n a l  e f f i c i e n c y  o f  such  h o t  m i l l s .  
For  a n a l y s i s  o f  t h e  CCM sys t em,  t h e  f o l l o w i n g  p a r a m e t e r s  were 
used ,  t a k e n  from t h e  r e a d i n g s  o f  measur ing  i n s t r u m e n t s  and from 
t h e  documen ta t ion :  f r e q u e n c y  o f  s l a b  d i s c h a r g e  from f u r n a c e s ;  
f u e l  comsumption and  t e m p e r a t u r e  o f  h e a t e d  s l a b s ;  l o a d s  o f  t h e  
rough ing  and  f i n i s h i n g  p r o c e s s e s  and t h e i r  d r i v e s ;  s p e e d  o f  m e t a l  
movement on t h e  r o l l i n g  t a b l e s ;  m e t a l  speed  a t  t h e  e x i t  o f  t h e  
f i n i s h i n g  t r a i n ;  t e m p e r a t u r e s  a t  t h e  e x i t  o f  t h e  rough ing  t r a i n  
and a t  t h e  e n t r y  and e x i t  o f  t h e  f i n i s h i n g  t r a i n ;  s i z e  and t h i c k -  
n e s s  of  t h e  roughed s l a b ;  p r o d u c t i o n  c o s t  o f  v a r i o u s  k i n d s  o f  
s t r i p ;  CCM and HSM i n v e s t m e n t  c o s t ,  and  s o  f o r t h .  
S t u d y  o f  t h e  p r o t o t y p e  m i l l  and t h e  p r i n c i p l e s  u n d e r l y i n g  i t s  
c o n t r o l ,  a s  w e l l  a s  computer  s i m u l a t i o n ,  have  r e v e a l e d  d i s c r e p -  
a n c i e s  between t h e  c o n t r o l  o b j e c t i v e s  of  i n d i v i d u a l  t e c h n o l o g i c a l  
p r o c e s s e s  and  t h e  o v e r a l l  o b j e c t i v e  f o r  t h e  complex. 
T h i s  p a p e r  c o n s i d e r s  t h e  p r i n c i p l e s  u sed  f o r  CCM-HSM complex 
c o n t r o l  sys t ems  which a l l o w  c o o r d i n a t i o n  o f  t h e  o p e r a t i o n  o f  t h e  
v a r i o u s  u n i t s  w i t h i n  t h e  framework o f  t h e  g e n e r a l  o b j e c t i v e :  
p r o d u c t i o n  of s t r i p s  o f  t h e  d e s i r e d  q u a l i t y  w i t h  t h e  h i g h e s t  
p o s s i b l e  e f f i c i e n c y .  
2 .  D e f i n i t i o n  o f  C r i t e r i a  
The g e n e r a l  c r i t e r i o n  i n  o p t i m a l  c o n t r o l  o f  a c o m p l i c a t e d  p l a n t  
i s  a  f u n c t i o n a l  o f  t h e .  form F(RIW) , where R r e p r e s e n t s  t h e  
working  and e n v i r o n m e n t a l  c o n d i t i o n s ,  and W i s  t h e  economic s t a t u s  
o f  t h e  p l a n t .  R d o e s  n o t  y i e l d  t o  comple t e  m a t h e m a t i c a l  d e s c r i p -  
t i o n  and m a n i f e s t s  i t s e l f  a s  a number o f  c o n s t r a i n t s  imposed on 
p r o c e s s  p a r a m e t e r s  and  machinery  b e h a v i o r .  The economic s t a t u s  
o f  a  m i l l  may be d e s c r i b e d  by a  set  o f  somewhat c o n t r a d i c t o r y  
i n t e r r e l a t e d  i n d i c e s ,  s u c h  as p r o d u c t i v i t y ,  r e t u r n  on  f u n d s  i n -  
v e s t e d ,  p r o f i t a b i l i t y ,  p r o f i t s ,  e t c .  Each i n d e x  i s  a f u n c t i o n a l  
o f  t h e  t y p e :  
where 
Z = s p e c i f i c  i n v e s t m e n t s ;  
R = o p e r a t i n g  e x p e n s e s ;  
K,S = q u a l i t y  o f  p r o d u c t i o n  and  p r i c e ;  
N , Q  = r e l i a b i l i t y  o f  equipment  and  p r o d u c t i v i t y .  
The i n d i c a t i o n  ( K * S )  means t h a t  t h e  p r i c e  of  t h e  p r o d u c t  c a n n o t  
be f u l l y  e x p r e s s e d  t h r o u g h  i t s  q u a l i t y .  A l s o ,  equipment  pro-  
d u c t i v i t y  h a s  some r e l a t i o n  t o  i t s  r e l i a b i l i t y  and  i t s  o p e r a t i n g  
e x p e n s e s ,  b u t  t h i s  c a n n o t  be  e x p r e s s e d  a s  a  f u n c t i o n .  I n  p r a c t i c e ,  
f o r  a  complex manufac tu r ing  p r o c e s s  f o r  a  g i v e n  p r o d u c t ,  t h e  
r e l a t i o n  (K ++ S )  c a n  be  r e p l a c e d  by a  set  o f  c o n s t r a i n t s  r e p r e -  
s e n t i n g  t h e  n e c e s s i t y  of  o b t a i n i n g  a  p r o d u c t  o f  a  c e r t a i n  q u a l i t y .  
For  t h e  H S M ,  f o r  example,  t h e  r e l a t i o n  between s t r i p  m e t a l  
s t r u c t u r e  ( q u a l i t y )  and m i l l  p r o d u c t i v i t y  can  be  r e p l a c e d  by t h e  
c o n s t r a i n t  o f  t h e  m e t a l  r o l l i n g  f i n i s h i n g  t e m p e r a t u r e .  Thus, 
p r o d u c t i o n  c o s t  S  r e p r e s e n t s  a  c r i t e r i o n  o f  CCM-HSM o p e r a t i o n  
r e f l e c t i n g  changes  i n  any o f  t h e  p r o d u c t i o n  c o n d i t i o n s .  The c o s t  
i s  t h e  sum o f  f i x e d  expenses  Rconst i n c l u d i n g  i n v e s t m e n t  dep- 
r e c i a t i o n ,  and p a r t  o f  t h e  v a r i a b l e  expenses  R i . e . ,  t h e  
v a r  ' 
o p t i m a l i t y  c r i t e r i o n  may be w r i t t e n  a s  f o l l o w s  
3. Economic Aspec t s  of  t h e  Mathemat ica l  Model of  t h e  P r o c e s s  
The ma themat i ca l  model d e s c r i b e s ,  i n  economic t e r m s ,  t h e  ma jo r  
q u a n t i t a t i v e  r e l a t i o n s  i n v o l v e d  i n  h o t  s t r i p  r o l l i n g .  Under 
g i v e n  t e c h n o l o g i c a l  c o n s t r a i n t s ,  t h e  problem i s  reduced  t o  d e t e r -  
I 
mining a n  o p e r a t i o n a l  mode f o r  t h e  complex r e s u l t i n g  i n  t h e  
minimum v a l u e  o f  t h e  f u n c t i o n a l  ( t o t a l  e x p e n d i t u r e s )  
min R = min R(ARffARtIARr,ARU,ARd,AR ,ARa)  , ( 3 . 1 ) .  
Y 
where 
ARf = change i n  s p e c i f i c  m e t a l  l o s s e s  due t o  s c a l i n g ;  
ARt = change i n  f u r n a c e  f u e l  consumption;  
ARr = change i n  r o l l  wear;  
ARU = change i n  e l e c t r i c  power consumption: 
ARd = change i n  p e r c e n t a g e  of  f i x e d  expenses  o f  HSM; 
A R  = change i n  p e r c e n t a g e  of f i x e d  expenses  of  CCM; 
L 
ARa = change i n  m e t a l  was te  d u r i n g  s h e a r i n g .  
Metal  h e a t i n g  i n  t h e  f u r n a c e  i s  d e s c r i b e d  i n  terms o f  f u r n a c e  
t e m p e r a t u r e ,  ave rage  mass t e m p e r a t u r e ,  and m e t a l  s u r f a c e  
t e m p e r a t u r e .  The dynamics o f  t h e  average  mass t e m p e r a t u r e  i s  
d e s c r i b e d  by a  c o n v e n t i o n a l  d i f f e r e n t i a l  f i r s t - o r d e r  e q u a t i o n  
w i t h  n o n - l i n e a r  tempera ture-dependent  c o e f f i c i e n t s .  Metal  h e a t i n g  
i s  c a l c u l a t e d  f o r  high-speed m i l l  o p e r a t i o n .  Under a  c o n s t a n t  
t e m p e r a t u r e  g r a d i e n t  o v e r  t h e  s l a b  c r o s s - s e c t i o n ,  t h e  average  mass 
t empera tu re  o f  t h e  m e t a l  a t  t h e  f u r n a c e  e x i t  i s  v a r i e d .  S c a l i n g  
l o s s e s  a r e  d e s c r i b e d  by a  d i f f e r e n t i a l  e q u a t i o n  r e l a t i n g  s c a l i n g  
growth r a t e  t o  m e t a l  s u r f a c e  t e m p e r a t u r e ,  c o n s i d e r i n g  t h e  i n i t i a l  
e s t i m a t e  o f  s c a l e  l a y e r  and t h e  f u r n a c e  atmosphere.  (Ref .  [ 6 ]  
d e s c r i b e s  a  method of  r e p r e s e n t i n g  e x p e r i m e n t a l  d a t a  on m e t a l  
o x i d a t i o n  a s  a  d i f f e r e n t i a l  e q u a t i o n . )  Exper imenta l  d a t a  on mi ld  
carbon s teel  o x i d a t i o n  w e r e  approximated by a  d i f f e r e n t i a l  e q u a t i o n  
used t o  d e t e r m i n e  t h e  s c a l i n g  d u r i n g  h e a t i n g  i n  t h e  f u r n a c e :  
- 4  2  M(Tsl)  = 1,82. 10 Tsl k r L  - 0,352Ts1 + 173,6 -t o n  . ( 3 . 2 )  
The v a l u e  of (3 .2 )  p e r  t o n  of  m e t a l  can  t h e n  be de termined i n  
monetary u n i t s  t h r o u g h  t h e  f o l l o w i n g  formula :  
A R ~  = [ M ( T ~ ~ ~  r u b  
2  where I , m  a r e  s l a b  s u r f a c e  ( m  ) and mass ( t o n )  , r e s p e c t i v e l y .  
Index 1 i d e n t i f i e s  pa ramete r s  co r respond ing  t o  t h e  a c t u a l  
o p e r a t i o n  mode of  a  g i v e n  m i l l ;  i ndex  2  i s  a s s o c i a t e d  w i t h  a n  
o p e r a t i o n  mode computed f o r  t h i s  m i l l .  C f ,  t h e  monetary l o s s e s  
p e r  t o n  of  s c a l e ,  i s  d e f i n d e d  by t h e  f o l l o w i n g  sum: 
where A 1 , A 2  and A3 are t h e  c o s t  o f  s l a b s  coming from t h e  CCM, 
s l a b  h e a t i n g  i n  f u r n a c e s ,  and s c a l e  (used  i n  s t ee l -making  p l a n t s ) ,  
r e s p e c t i v e l y ,  i n  r o u b l e s  p e r  t o n .  
Furnace f u e l  consumption i s  determined on t h e  b a s i s  o f  t h e  h e a t  
b a l a n c e  c o n d i t i o n  f o r  t h e  f u r n a c e .  R e s u l t s  o b t a i n e d  were 
approximated by t h e  f o l l o w i n g  r e l a t i o n :  
nm 
3 
Rt = 5 0 4 , 6 ( 0 , 2 5  ~ o - ~ H ~ ~  + 0,525)  (0 ,705 ~ O - ~ T ~ ,  - 0.32) - t o n  
(3 .5 )  
Then t h e  v a l u e  o f  t h e  f u e l  consumption change ARt c a n  be d e t e r -  
mined through t h e  e q u a t i o n  
- r u b  ARt - ( R t 2 / R t l  - l ) C t l  , 
where C t l  i s  t h e  f u e l  c o s t  ( r o u b l e s / t o n ) .  
R o l l i n g  was s i m u l a t e d  by means of a  mathemat ica l  model [103, 123, 
154, 1601 which was extended t o  t h e  e n t i r e  r o l l i n g  m i l l ,  from s l a b s  
l e a v i n g  t h e  f u r n a c e  t o  s t r i p s  l e a v i n g  t h e  f i n i s h i n g  t r a i n .  The 
dependence of t h e  maximal a l l o w a b l e  s l a b  t e m p e r a t u r e  T on 
s l  min 
s l a b  t h i c k n e s s  Hsl  and wid th  B s l ,  and on t h i c k n e s s  H of  t h e  m e t a l  
P 
e n t e r i n g  t h e  f i n i s h i n g  s t a n d s ,  under  c o n s t r a i n t s  on t h e  s t a n d  
l o a d s  and motor t o r q u e s  of t h e  roughing t r a i n ,  was approximated 
a s  f o l l o w s :  
= 1,5Hsl + 0,28Bs1 - 5H + 545 D~ Tsl min P ( 3 . 7 )  
(Hsl '  Bsl and H a r e  i n  mm) . P 
The r o l l  wear ARr i s  r a t h e r  d i f f i c u l t  t o  d e t e r m i n e .  Absolute  
r o l l  wear does  n o t  l e n d  i t s e l f  r e a d i l y  t o  a n a l y t i c a l  d e s c r i p t i o n  
because it depends on many f a c t o r s  which i n  p r a c t i c e  canno t  be 
t a k e n  i n t o  c o n s i d e r a t i o n .  Allowable r e l a t i v e  wear depends on 
t h e  m i l l  s t a n d  number, t h i c k n e s s  and w i d t h  of  t h e  r o l l e d  s t r i p ,  
t h e  r e l a t i o n  between r o l l  wear i n  v a r i o u s  s t a n d s  and m e t a l  re- 
d u c t i o n  v a l u e s ,  f a c t o r s  d e f i n i n g  s t a b i l t i y  of  s t r i p  shape  vs .  
c o e f f i c i e n t  o f  f r i c t i o n ,  e t c .  
S t a t i s t i c a l  models a r e  be ing  c o n s t r u c t e d  which a l l o w  f o r  t h e  de- 
pendence of  r o l l  wear on some v a r i a b l e s  under  t h e  e x i s t i n g  
o p e r a t i n g  s c h e d u l e  [1581, b u t  t h e y  a r e  n o t  a p p l i c a b l e  t o  a  wide 
range  of  t e m p e r a t u r e s  o r  t o  m e t a l  r e d u c t i o n  and r o l l i n g  speed 
changes.  
The p r e s e n t  paper  assumes a  r a t h e r  s imple  t e c h n i q u e  f o r  com- 
p u t i n g  r o l l  wear.  R o l l  wear i s  t a k e n  t o  be p r o p o r t i o n a l  t o  B, 
which i s  e q u a l  t o  t h e  sum of  t h e  p r o d u c t s  of  t h e  l e n g t h  of one 
t o n  of  s t r i p ,  L ,  and t h e  mean v a l u e  of  r o l l  l o a d ,  P f ,  i n  each 
s t a n d :  
where n  i s  t h e  number o f  s t a n d s  i n  a  m i l l .  
( T h i s  t echn ique  i s  used t o  de te rmine  t h e  r o l l  r ep lacement  t i m e  
a t  t h e  KIMITSU h o t  s t r i p  m i l l  i n  Japan ,  where a  computer 
summarizes t h e  v a l u e s  o f  L P  d u r i n g  r o l l i n g . )  Then i f i  
where C r y  i s  r o l l  consumption p e r  t o n  of  r o l l e d  s t e e l  i n  
r o u b l e s / t o n  ( c o s t  of r e p l a c e d  r o l l s  r e l a t e d  t o  one t o n  of r o l l e d  
s t r i p s ) .  
Elec t r i c  power consumpt ion  is  e x p r e s s e d  as f o l l o w s :  
- 
r u b  
RU - L S U  ton 
where yU i s  t h e  consumpt ion  p e r  t o n  (kwh/ton)  d e t e r m i n e d  t h r o u g h  
t h e  r o l l i n g  model,  and  SU i s  t h e  p r i c e  o f  e lec t r i c  power ( r o u b l e s /  
kwh) . 
Changes i n  f i n i s h i n g  s t a n d  p r o d u c t i v i t y  A Q  c a u s e d  by changes  i n  h 
m i l l  s p e e d  s e l e c t i o n  due t o  s l a b  s i z e  v a r i a t i o n s  a r e  d e f i n e d  by 
t h e  f o l l o w i n g  fo rmula :  
where Tm and T a r e  s l a b  r o l l i n g  t i m e  and  s l a b  i d l e  t i m e  between P 
p a s s e s ,  r e s p e c t i v e l y .  
I n  d e t e r m i n i n g  r o l l i n g  t i m e ,  it was assumed t h a t  t h e  f i n i s h i n g  
s t a n d  i s  a c c e l e r a t e d  immedia te ly  a f t e r  t h e  f r o n t  edge  o f  t h e  
s t r i p  l e a v e s  t h e  s t a n d ,  s o  t h a t  t h e  r e q u i r e d  f i n i s h i n g  r o l l i n g  
t e m p e r a t u r e c a n  be  o b t a i n e d .  A c c e l e r a t i o n  i s  a f u n c t i o n  o f  t h e  
s t r i p  t h i c k n e s s  and  c a n  be  approx ima ted  a s  f o l l o w s :  
Tempera ture  and  s p e e d  of  r o l l i n g  i n f l u e n c e  n o t  o n l y  t h e  power 
p a r a m e t e r s  o f  r o l l i n g  and  r e l a t e d  r o l l  consumpt ion ,  b u t  a l s o  t h e  
m i l l  i d l e  t i m e  c a u s e d  by r o l l  r e p l a c e m e n t s  A . A t  p r e s e n t  i d l e  
u 
t i m e  is  q u i t e  h i g h ,  r u n n i n g  from 10 t o  15% o f  m i l l  o p e r a t i o n  
t i m e ,  because  r e p l a c e m e n t  r o l l s  mus t  b e  h e a t e d .  The t o t a l  change  
o f  f i n i s h i n g  s t a n d  p r o d u c t i v i t y  ( w i t h  a l l o w a n c e  f o r  r o l l i n g  
s p e e d  change ,  d u r a t i o n  o f  p a u s e s  between p a s s e s ,  and  r o l l  re- 
p lacemen t )  i s  d e t e r m i n e d  as f o l l o w s .  
The p r o d u c t i v i t y  Q 2 ,  which t a k e s  a c c o u n t  o f  t h e  i n c r e a s e  i n  
r o l l  consumpt ion ,  i s  r e l a t e d  t o  t h e  known p r o d u c t i v i t y  Q , :  
where Tm,T and Tr  a r e  t h e  s t r i p  r o l l i n g  t i m e ,  t h e  p a u s e s  be- 
P  
tween r o l l i n g  two s l a b s ,  and t h e  t i m e  needed f o r  r o l l  r e p l a c e -  
ment r e s p e c t i v e l y ;  and  G i s  t h e  w e i g h t  o f  m e t a l  r o l l e d  d u r i n g  
t h i s  t i m e  i n t e r v a l  T. By m o n i t o r i n g ,  t h e  new v a l u e  o f  G when T 
changes  can  be found t o  be 
By s u b s t i t u t i n g  (3 .13 )  and  (3 .12 )  , w e  o b t a i n  
w i t h  r o l l  consumpt ion  p r o p o r t i o n a l  t o  B, i . e .  T 1  - 82 
- - q -  T 2  
T 2  Denot ing  by A4 w e  o b t a i n  
1 
E q u a t i o n  (3 .15 )  r e f l e c t s  o n l y  t h e  e f f e c t  o f  r o l l  wear  on  pro-  
d u c t i v i t y .  The t o t a l  change  i n  p r o d u c t i v i t y  i s  d e t e r m i n e d  by 
c o n s i d e r i n g  t h e  i n f l u e n c e  o f  r o l l i n g  speed  on  t h e  f o l l o w i n g  
fo rmula :  
I f  t h e  p r o d u c t i v i t y  change A Q  i s  known, one  c a n  d e t e r m i n e  t h e  C 
change i n  p e r c e n t a g e  o f  f i x e d  e x p e n s e s  f o r  HSM p e r  t o n  o f  pro-  
d u c t  ARd i n  t h e  f o l l o w i n g  manner: 
r u b  
A Rd = [ I  - 1 / ( 1  + AQ ) I Y d  ton 1 C 
where Yd i s  t h e  p e r c e n t a g e  o f  f i x e d  e x p e n s e s  i n  HSM p r o d u c t i o n  
cos t s  ( r o u b l e s / t o n )  : 
Here Yci and Agi are t h e  v a l u e s  o f  p r o d u c t i o n  c o s t  i t e m s  ( r o u b l e s /  
t o n )  and p e r c e n t a g e  o f  t h e i r  f i x e d  e x p e n s e s ,  r e s p e c t i v e l y  [211 , 
and 1 i s  t h e  number o f  p r o d u c t i o n  c o s t  i t e m s .  
A d e c r e a s e  i n  s l a b  t h i c k n e s s  enhances  s l a b  c r y s t a l l i z a t i o n  a f t e r  
t h e  s l a b  l e a v e s  t h e  CCM, and makes p o s s i b l e  a n  i n c r e a s e  i n  t h e  
l i n e a r  speed  o f  c a s t i n g .  But  w i t h  d e c r e a s i n g  s l a b  t h i c k n e s s ,  
o t h e r  c o n d i t i o n s  b e i n g  e q u a l ,  t h e  w e i g h t  s p e e d  o f  c a s t i n g  ( t o n s /  
h o u r )  d e c r e a s e s ,  r e s u l t i n g  i n  a  d e c r e a s e  i n  "converter-CCb1.I" cost  
e f f i c i e n c y  [1171.  The p r e s e n t  p a p e r ,  however,  d o e s  n o t  c o n c e r n  
i t s e l f  w i t h  o p e r a t i o n  i n d e x e s  o f  t h e  oxygen c o n v e r t e r  p l a n t  o r  
problems o f  s l a b  r e d u c t i o n  (by  a  r e d u c t i o n  m i l l  i n s t a l l e d  i n  l i n e  
w i t h  CCM [ 2 4 1 ) .  
The dependence of  t h e  l i n e a r  speed  of  c a s t i n g  V on s l a b  s i z e ,  
Y 
e s t i m a t e d  e m p i r i c a l l y ,  i s  d e s c r i b e d  by t h e  f o l l o w i n g  e q a t i o n  [ 1 7 ] :  
118 ( 1  + Bsl/Hsl) 
v = - .  
Y B ~ l  min I 
t h e  s p e e d  o f  c a s t i n g  Q ( i n  t o n s / h o u r )  i s  r e l a t e d  t o  s l a b  s i z e  
Y 
by t h e  f o l l o w i n g  e q u a t i o n :  
= -. B V *  10-6 ton 
Q~ iHsl  s1 y  min 
3  
where x i s  t h e  s p e c i f i c  w e i g h t  o f  t h e  c a s t  s tee l  (ton/m ) .  
The change  i n  CCM p r o d u c t i v i t y  AQ d u e  t o  changes  i n  s l a b  s i z e  
Y 
i s  a s  f o l l o w s :  
By s u b s t i t u t i n g  (3 .19 )  and  (3 .20 )  i n  (3 .21 )  , w e  o b t a i n  
S i m i l a r l y ,  v a r i a t i o n s  i n  t h e  p e r c e n t a g e  o f  f i x e d  e x p e n s e s  p e r  
t o n  o f  p r o d u c t  o f  CCM, ARy, due t o  v a r i a t i o n s  i n  s l a b  c r o s s -  
s e c t i o n ,  i s  d e t e r m i n e d  a s  
where Y r e p r e s e n t s  t h e  f i x e d  expenses  i n v o l v e d  i n  CCM p r o d u c t i o n  
Y 
c o s t s  i n  r o u b l e s / t o n .  ( P r i c e s  f o r  equipment  and  p r o d u c t i o n  c o s t s  
v e r s u s  v a r i o u s  c a s t i n g  c o n d i t i o n s  a r e  g i v e n  i n  [1171 . )  S i n c e  t h e  
l e a d i n g  end  o f  t h e  s l a b s ,  a f t e r  b e i n g  r o l l e d  i n  t h e  rough ing  
s t a n d s ,  i s  c u t ,  and  assuming t h a t  t h e  l e n g t h s  o f  t h e  c u t - o f f  
s e c t i o n s  a r e  c o n s t a n t ,  t h e  l o s s e s  caused  by c u t t i n g ,  ARa, may be  
d e t e r m i n e d  t h r o u g h  t h e  f o l l o w i n g  formula  : 
where L i s  t h e  roughed- s l ab  l e n g t h  and  C a l  i s  t h e  r e d u c t i o n  o f  
P  
t h e  c o s t  o f  t h e  s h e a r e d  m e t a l  e n d s  ( r o u b l e s / t o n )  . 
By ana logy  w i t h  C f ,  C a l  depends on t h e  c o s t  o f  t h e  s l a b s  e n t e r i n g  
t h e  HSM, t h e  c o s t  o f  h e a t i n g  and  p r o c e s s i n g  them i n  t h e  r o u g h i n g  
s t a n d s ,  and t h e  c o s t  o f  t h e  s c r a p  r e t u r n e d  t o  t h e  s t e e l m a k i n g  
p l a n t .  
Furnace p r o d u c t i v i t y  Q f r  under  f i x e d  s l a b - h e a t i n g  t e m p e r a t u r e  
and t e m p e r a t u r e  g r a d i e n t  a c r o s s  t h e  s l a b  c r o s s - s e c t i o n ,  i s  a s  
f o l l o w s  : 
-3 -2  t o n  
f  = 9 5 5 , 3 ( 0 , 6 7  - 0 , 5  10 HS1) ( 1  173 - 0,107 10 T s l )  
The advantage  of  such a n  a n a l y t i c a l  r e p r e s e n t a t i o n  of t h e  ob- 
j e c t i v e  f u n c t i o n  i s  t h a t  r e a l  d a t a  a r e  used.  These a r e  found i n  
e v e r y  o p e r a t i n g  p l a n t  f o r  e v e r y  month and y e a r .  ( C o e f f i c i e n t s  
'tit 'c and Y C a l  a r e  t a k e n  f r o m t h e  p r o c e s s i n g  c o s t  Y '  
t a b l e s  o f  a p p r o p r i a t e  p l a n t s . )  For  t h e  2000 m i l l  t h e i r  f a c t o r s  
a r e  a s  f o l l o w s :  
Cf  = 68 r u b  , r u b  C t l  = 1,67 - r u b  t o n  'r 1 = 0 , 4 3  -t o n  
r u b  Yd = 6,O - r u b  Y = 2 ,4  - r u b  t o n  Y 1 t o n  C a l  = 0,135 - t o n  
The a l l o w a b l e  l o a d  i s  used a s  a  c o n s t r a i n t  a t  any p l a n t  o f  t h i s  
k i n d .  For  t h e  r o l l i n g  m i l l ,  it depends on d r i v i n g  motor 
commutation and the rmal  s t a t e s ,  a l l o w a b l e  motor t o r q u e s  and s t a n d  
l o a d s .  The dynamic l o a d  d e f i n i n g  motor commutation c o n d i t i o n s  
i s  e s p e c i a l l y  i m p o r t a n t  f o r  t h e  roughing s t a n d s .  However, b e i n g  
dependent  on t h e  t h e r m a l  c o n d i t i o n s  and t h e  form o f  t h e  m e t a l  
l e a d i n g  end,  it c a n n o t  be mathemat ica l ly  e x p r e s s e d .  T h e r e f o r e ,  
t h e  f o l l o w i n g  p rocedure  was adopted:  s e v e r a l  v e r s i o n s  of r o l l i n g  
p r a c t i c e d  a t  t h e  2000 m i l l  w e r e  computer -s imula ted ,  and t h a t  w i t h  
t h e  g r e a t e s t  l o a d  on t h e  roughing s t a n d s  was t a k e n  a s  t h e  b a s i c  
one.  ( T h i s  t u r n e d  o u t  t o  be r o l l i n g  o f  35 x  1730 m roughed s l a b s  
from s l a b s  w i t h  a  c r o s s - s e c t i o n  of  240 x  1750 mm.) I n  f u r t h e r  
c a l c u l a t i o n s ,  a n  a l l o w a b l e  t e m p e r a t u r e  d e c r e a s e  was chosen s o  a s  
n o t  t o  exceed t h e  motor t o r q u e s  and s t a n d  l o a d s  o f  t h e  b a s i c  
v e r s i o n .  
4 .  Hot S t r i p  R o l l i n g  Technique:  G e n e r a l  Problems 
4 . 1  S t r i p  Q u a l i t y  v s .  High R o l l i n g  Speed 
R o l l i n g  on  t o d a y ' s  c o n t i n u o u s  HSX f a c e s  two major  problems:  
p r o d u c t i o n  o f  h i g h  q u a l i t y  m e t a l  s t r i p  and  i n c r e a s e d  o p e r a t i o n  
e f f i c i e n c y .  
The q u a l i t y  o f  h o t  r o l l e d  m e t a l  depends  on  t h e  p h y s i c a l - m e c h a n i c a l  
p r o p e r t i e s  and t h e  geometry o f  t h e  s t r i p  ( s h a p e ,  gage ,  and f l a t -  
n e s s ) .  The f o r m e r ,  d e f i n e d  by t h e  s t r u c t u r e  o f  t h e  m e t a l  formed 
d u r i n g  r o l l i n g ,  d e t e r m i n e  t h e  p r o p e r t i e s  a f t e r  c o l d  o r  h o t  de- 
f o r m a t i o n  [65 ,1121.  The s t r u c t u r e  o f  t h e  h o t  r o l l e d  s t r i p  a l s o  
d e t e r m i n e s  whe the r  it c a n  be  used  d i r e c t l y  f o r  d e e p  s t r e t c h  
e l o n g a t i o n  [ I ,  51 1 . 
T e c h n o l o g i c a l  p r o g r e s s  i n  r o l l i n g  l e a d s  t o  l a r g e r  m i l l  s i z e s  and 
t o  a n  i n c r e a s e  i n  c o s t  and power r e q u i r e m e n t s .  I n  s u c h  a n  en- 
v i ronmen t ,  c o o r d i n a t e d  o p e r a t i o n  of  i n d i v i d u a l  u n i t s  c a n  g r e a t l y  
i n f l u e n c e  e f f i c i e n c y  o f  t h e  m i l l  a s  a  whole.  S o l u t i o n s  t o  t h e s e  
c o o r d i n a t i o n  problems a r e  made much more d i f f i c u l t  b e c a u s e  
i n d i v i d u a l  u n i t  o p e r a t i o n s  a r e  o f t e n  i n  c o n f l i c t .  A s  a  r u l e ,  
improvement i n  one  a s p e c t  of  t h e  HSM o p e r a t i o n ,  r e l a t i v e  t o  a  
s i n g l e c r i t e r i o n ,  l e a d s  t o  a  d e t e r i o r a t i o n  i n  some o t h e r  a s p e c t .  
~t i s  known [ 1 6 0 ] ,  f o r  i n s t a n c e ,  t h a t  modera t e  a c c e l e r a t i o n  r a t e s  
2 ( .005- .08  m / s e c  ) of  t h e  f i n i s h i n g  s t a n d s  s t a b i l i z e  t h e  f i n a l  
r o l l i n g  t e m p e r a t u r e  T f d  a l o n g  t h e  s t r i p - - o n e  o f  t h e  m a j o r  t e c h n o l -  
o g i c a l  requi rements - -and  t h e  s t a n d  l o a d ,  making r o l l i n g  e a s i e r  
and p r o v i d i n g  t h e  r e q u i r e d  s t r i p  shape .  However, w i t h  s u c h  a  
r o l l i n g  p a t t e r n ,  t h e  speed  i s  o n l y  30 t o  40% of  t h e  m i l l  t o p  
speed  f o r  a  s t r i p  o f  1 .2  - 3 . 0  mm, and 40 t o  80% f o r  t h i c k e r  
s t r i p s .  S i g n i f i c a n t  a c c e l e r a t i o n  o f  t h e  f i n i s h i n g  s t a n d s ,  
r e s u l t i n g  i n  h i g h e r  p r o d u c t i v i t y ,  i s  n o t  a l l o w e d ,  s i n c e  t h e  
t e m p e r a t u r e  o f  t h e  s t r i p  t a i l  end rises d r a m a t i c a l l y ,  l e a d i n g  
t o  non-un i fo rmi ty  o f  t h e  m i c r o s t r u c t u r e  and hence  a d v e r s e l y  
a f f e c t i n g  t h e  p h y s i c a l - m e c h a n i c a l  p r o p e r t i e s  a l o n g  t h e  s t r i p  [ 1 2 ] .  
R o l l i n g  m i l l  equipment  c h a r a c t e r i s t i c s  and  r o l l i n g  c o n d i t i o n s  
r e q u i r e  t h a t  t h e  s t r i p  head  end be r o l l e d  a t  low s p e e d .  A s  a  
r e s u l t ,  when a  t h i n  s t r i p  i s  r o l l e d ,  t h e  f i n i s h i n g  r o l l i n g  
t e m p e r a t u r e  Tfd o f  t h e  head  end i s  below t h a t  r e q u i r e d .  To i n -  
c r e a s e  t h i s  t e m p e r a t u r e ,  it was s u g g e s t e d  [110]  t h a t  t h e  m e t a l  
t e m p e r a t u r e  a t  t h e  r o u g h i n g  t r a i n  e x i t  b e  i n c r e a s e d .  I n d e e d ,  a n  
i n c r e a s e  o f  s t r i p  t e m p e r a t u r e  i n  t h e  rough ing  t r a i n  would r e s u l t  
i n  a n  i n c r e a s e  o f  t h e  T  o f  t h e  head end  a t  t h e  f i n i s h i n g  t r a i n  f  d  
e x i t .  However, t h i s  would a l s o  e n t a i l  a n  i n c r e a s e  o f  t h e  Tfd  
o f  t h e  t a i l  e n d ,  r e q u i r i n g  a  d e c r e a s e  i n  m i l l  a c c e l e r a t i o n  ( a f t e r  
t h e  head  end  i s  t h r e a d e d  by t h e  c o i l e r )  and  t h u s  l e a d i n g  t o  a  
d e c r e a s e  i n  m i l l  p r o d u c t i v i t y .  
To d e c r e a s e  t h e  v a r i a t i o n  i n  s t r i p  t h i c k n e s s  a l o n g  i t s  l e n g t h ,  
gage  c o n t r o l  sys t ems  a r e  used .  I f  s t a n d  l o a d  measurements  r e v e a l  
a  gage d e f l e c t i o n  ( e . g . ,  w i t h  changes  i n  m e t a l  t e m p e r a t u r e ) ,  t h e  
screw-downs o f  t h e  s t a n d s  a r e  d r i v e n  such  a s  t o  compensate  f o r  
t h i c k n e s s  changes ,  s t a n d  l o a d  changes  i n c r e a s e ,  and  t h e  s t r i p  
s h a p e  i s  changed.  T h i s  l e a d s  t o  non-uniform e l o n g a t i o n  a l o n g  
t h e  r o l l  b a r r e l  and  can  r e s u l t  i n  t h e  l o s s  o f  s t r i p  f l a t n e s s  
between s t a n d s  and  a f t e r  r o l l i n g .  
These f a c t o r s  d e m o n s t r a t e  t h e  need f o r  a n  i n t e g r a t e d  approach  t o  
t h e  problems o f  h i g h - q u a l i t y  s t r i p  p r o d u c t i o n  and i n c r e a s e d  
e f f i c i e n c y  o f  HSM o p e r a t i o n .  
4 . 2  Types o f  R o l l i n g  Speed P a t t e r n s  
Depending on  t h e  t y p e  o f  HSM a u t o m a t i o n  c o n t r o l  s y s t e m ,  t h e  
f o l l o w i n g  s p e e d  p a t t e r n s  a r e  p o s s i b l e .  
- C o n s t a n t  s p e e d  r o l l i n g  i n  t h e  f i n i s h i n g  s t a n d .  I n  t h i s  c a s e ,  
s t r i p  m e t a l  s t r u c t u r e  and  geometry may be improved by d e c r e a s i n g  
t h e  t e m p e r a t u r e  d r o p  a l o n g  t h e  s t r i p  ( F i g .  4 . 1 ) ,  e - g . ,  by 
warming t h e  roughed- s l ab  end on t h e  i n t e r m e d i a t e  t a b l e  [ I041  o r  
by f o r c e d  w a t e r  c o o l i n g  o f  t h e  m e t a l  head ends  between t h e  
f i n i s h i n g  s t a n d s .  I n  b o t h  c a s e s  t h e  t e m p e r a t u r e  o f  t h e  e n t i r e  
mass o f  m e t a l  s h o u l d  be  i n c r e a s e d ;  
- R o l l i n g  i n  t h e  f i n i s h i n g  s t a n d  w i t h  s m a l l  a c c e l e r a t i o n  ( .00-  
2 
.08  m/sec ) t o  s t a b i l i z e  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  a l o n g  
t h e  s t r i p  ( F i g .  4 . 1 )  and  t o  i n c r e a s e  m i l l  p r o d u c t i v i t y ;  
- R o l l i n g  i n  t h e  c o n t i n u o u s  t r a i n  w i t h  h i g h  a c c e l e r a t i o n  r a t e s  
2 (0 .3-1.0 m/sec ) and r e a c h i n g  t o p  m i l l  speed  (17-25 m/sec) 
a f t e r  t h e  s t r i p  i s  t r e a t e d  i n  t h e  c o i l e r .  T h i s  e n t a i l s  a n  i n -  
c r e a s e  i n  f i n i s h i n g  t r a i n  p r o d u c t i v i t y  by 30-100% and s h a r p  
i n s t a b i l i t y  of  t h e  Tfd d i s t r i b u t i o n  a l o n g  t h e  s t r i p  ( F i q .  4 . 1 ) ,  
and i s  t h e r e f o r e  r a r e l y  used  i n  p r a c t i c e  [721.  Such a  speed  
p a t t e r n ,  t a k i n g  i n t o  a c c o u n t  Tfd d i s t r i b u t i o n  a l o n g  t h e  s t r i p ,  
s h o u l d  be u s e d ,  f o r  example,  t o g e t h e r  w i t h  f o r c e d  c o o l i n g  between 
s t a n d s  [201 ,  and w i t h  h e a t i n g  of  o n l y  a  c e r t a i n  l e n g t h  of  t h e  
roughed- s l ab  head end [ I51  ( t h e  end where g r e a t e r  Tfd i s  d e s i r e d ) ;  
- Low e n t e r i n g  s p e e d  a t  t h e  f i r s t  f i n i s h i n g  s t a n d s  ( .4 - .8  m/sec), 
which d e f i n e s  t h e  t i m e  f o r  m e t a l  t o  p a s s  t h e  d i s t a n c e  between 
t h e  s h e a r s  and t h e  f i r s t  s t a n d  ( a b o u t  20-40 sec ) .  T h i s  t i m e  i s  
g r e a t e r  t h a n  t h a t  r e q u i r e d  t o  move t h e  m e t a l  a l o n g  t h e  i n t e r -  
m e d i a t e  t a b l e ,  t h u s  c a u s i n g  e x t e n s i v e  l o s s e s .  To r e d u c e  t h e s e  
l o s s e s ,  t h e  f r o n t  end o f  t h e  m e t a l  i n  t h e  f i r s t  f i n i s h i n g  s t a n d s  
c a n  be  r o l l e d  a t  maximal s p e e d ,  2-3 m/sec ( t h e  a s s o c i a t e d  m i l l  
o u t p u t  s p e e d  i s  20-40 m / s e c ) ,  and b r a k i n g  c a n  be  done a t  t h e  
maximal p o s s i b l e  r a t e ,  s o  t h a t  t h e  s t r i p  l e a v e s  t h e  l a s t  s t a n d  
w i t h  a  speed  n o t  e x c e e d i n g  t h e  p e r m i s s i b l e  l e v e l  (9-11 m / s e c ) .  
T h i s  r e s u l t s  i n  an  a d d i t i o n a l  i n c r e a s e  i n  m i l l  p r o d u c t i v i t y  o f  
2 - 4 %  and a n  i n c r e a s e  i n  t h e  Tfd o f  1 0 - 2 0 ' ~  w i t h  speed  p a t t e r n  3  
shown i n  F i g .  4 . 1 ,  b u t  r e s u l t s  i n  an  even  g r e a t e r  i n s t a b i l i t y  
o f  t h e  Tfd a l o n g  t h e  s t r i p .  
R o l l i n g  under  p a t t e r n s  3  and 4 a l s o  r e s u l t s  i n  i n s t a b i l i t y  o f  
t h e  s t a n d  l o a d  a l o n g  t h e  s t r i p ,  t h u s  making it more d i f f i c u l t  
t o  o b t a i n  good s t r i p  s h a p e  and gage .  
4.3 Problem ~ i f f e r e n t i a t i o n  w i t h  Respect  t o  Thin and Thick S t r i p s  
F i g .  4 . 2  d e p i c t s  s e v e r a l  ways of  c o n t r o l l i n g  t h e  t e m p e r a t u r e  
p a t t e r n  of  t h e  t h i c k  s t r i p  d u r i n g  r o l l i n g  t o  o b t a i n  t h e  r e q u i r e d  
m e t a l  s t r u c t u r e .  
S t r i p s  which r e q u i r e  a  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  T a t  t h e  f d  
head ends  can be o b t a i n e d  a t  r o l l i n g  speeds  lower t h a n  t h o s e  
a l l o w a b l e  by t h e  c o n d i t i o n s  o f  s t r i p  b i t i n g  by t h e  c o i l e r  (which 
w e  w i l l  c a l l  t h r e a d i n g  s p e e d ) ;  t h e s e  a r e  r e f e r r e d  t o  a s  t h i c k  
s t r i p s .  A s  may be s e e n  from t h e  d e f i n i t i o n ,  t h e  range  o f  t h i c k  
s t r i p s  depends on maximal t h r e a d i n g  speed and m i l l  d e s i g n .  For 
a  2000 m i l l ,  s t r i p s  t h i c k e r  t h a n  3.5 mm a r e  r e f e r r e d  t o  a s  " t h i c k " .  
Diagrams o f  t h e  t h r e a d i n g  speed Vb and t h e  f i n i s h i n g  r o l l i n g  
t empera tu re  v s .  s t r i p  t h i c k n e s s ,  shown i n  F i g .  4.3,  a r e  a  s t r i k i n g  
example of t h e  d i f f e r e n c e  between r o l l i n g  t h i c k  and t h i n  s t r i p s  
i n  a  modern HSM. The f i g u r e  g i v e s  t h e  v a l u e  o f  t h e  f a c t o r  K T ,  
t h e  r e l a t i o n  between s l a b  h e a t i n g  t e m p e r a t u r e  and f i n i s h i n g  
r o l l i n g  t e m p e r a t u r e  of  t h e  s t r i p  head e n d s ,  a s  a  f u n c t i o n  of  s t r i p  
t h i c k n e s s  and o f  t h e  t h r e a d i n g  speeds  used i n  t h e  2000 m i l l .  
Thin s t r i p s  have g r e a t e r  t e m p e r a t u r e  d rops  because  o f  t h e  
r e l a t i v e l y  l a r g e  s u r f a c e  p e r  mass u n i t .  A t  maximum p o s s i b l e  
t h r e a d i n g  speeds  (9-11 m/sec), which a r e  l i m i t e d  by t h e  c o i l e r  
b i t i n g  c o n d i t i o n s  and t h e  aerodynamical  phenomenon of  t h e  moving 
s t r i p  head end ,  t h e  r e q u i r e d  T o f  t h i s  end canno t  be p rov ided .  f  d 
To o b t a i n  good mechanica l  p r o p e r t i e s  of s t r i p  m e t a l  of d i f f e r e n t  
steel  g r a d e s ,  t h e  T f d  shou ld  be w i t h i n  t h e  range  o f  8 3 0 - 9 2 0 ' ~  
[ 2 3 ] ,  having a  t o l e r a n c e  of + l o O c  [ 2 7 , 1 1 2 ] .  I n  c o n t r a s t ,  i n  
- 
t h i c k  s t r i p s  r o l l i n g  t h e  t h r e a d i n g  speed must b e  reduced s i g n i f i -  
c a n t l y .  T h i s  i n c r e a s e s  t h e  r o l l i n g  t ime and t h u s  d e c r e a s e s  t h e  
l o s s  of r o l l e d  m e t a l  h e a t .  
Analyses o f  t h e  p r e s e n t  t r e n d  t o  use  h i g h e r  m i l l  speeds  and 
o p t i m a l  r o l l i n g  speed p a t t e r n s  r e s u l t  i n  a  set  o f  t h e  b e s t  
p o s s i b l e  measures  f o r  b e t t e r  s t r i p  m e t a l  s t r u c t u r e  ( F i g .  4 . 1 )  
and h i g h e r  m i l l  o p e r a t i o n  e f f i c i e n c y .  I n  t h e  f i g u r e ,  t h e  more 
e f f e c t i v e  t e c h n o l o g i c a l  measures  a r e  shown by s o l i d  l i n e s .  
I n  p r i n c i p l e ,  t h e  Tfd o f  t h i n  s t r i p s  may b e  i n c r e a s e d ,  on  t h e  one  
hand,  by i n c r e a s i n g  t h e  s l a b  h e a t i n g  t e m p e r a t u r e  i n  t h e  f u r n a c e s  
and  by roughed- s l ab  h e a t i n g  on  t h e  i n t e r m e d i a t e  t a b l e  ( f o r  
e f f i c i e n c y ,  h e a t  s h o u l d  be  a p p l i e d  o n l y  t o  t h e  head  e n d ) .  On t h e  
o t h e r  hand ,  t h e  Tfd o f  t h e  s t r i p  head  end  can  be  m a i n t a i n e d  by 
p r e v e n t i n g  h e a t  l o s s e s  t h r o u g h  d i s t r i b u t i o n  o f  t h e  m e t a l  r e d u c t i o n  
between m i l l  s t a n d s ,  s w i t c h i n g  o f f  h y d r a u l i c  s p r a y s ,  i n c r e a s i n g  
t h e  head  end  t h i c k n e s s  o f  t h e  roughed s l a b ,  and s c r e e n i n g .  When 
d e s i g n i n g  new m i l l s ,  one  c a n  r e d u c e  t h e  t o t a l  h e a t  l o s s e s  some- 
what  by u s i n g  a  c o n t i n u o u s  rough ing  g roup .  
The r e q u i r e d  l e v e l  o f  t h e  Tfd f o r  t h i c k  s t r i p s  i s  a t t a i n e d  by 
d e c r e a s i n g  t h e  r o l l i n g  t h r e a d i n g  speed  ( F i g .  4 . 3 ) ,  by f o r c e d  
c o o l i n g  between s t a n d s  [291, by c o o l i n g  t h e  roughed s l a b s  on  t h e  
i n t e r m e d i a t e  t a b l e ,  o r  by m i l l  r e s e t t i n g  s u c h  t h a t  t h e  f i r s t  
g r o u p s  o f  s t a n d s  have  a  h i g h e r  m e t a l  r e d u c t i o n  r a t e  and t h u s  
e n l a r g i n g  t h e  m e t a l  r a d i a t i o n  s u r f a c e  more q u i c k l y .  
These  measu res ,  o f  c o u r s e ,  a r e  e q u a l l y  e f f e c t i v e  i n  b o t h  t e c h -  
n o l o g i c a l  and economic t e r m s .  A s  c a n  be s e e n  from F i g .  4 .3 ,  it 
is  n o t  r e a s o n a b l e  t o  v a r y  t h e  Tfd o f  a  t h i n  s t r i p  (1 .2-2.0 mrn) 
by v a r y i n g  t h e  s l a b  t e m p e r a t u r e ,  b e c a u s e  t h e  t e m p e r a t u r e  d r o p  
a l o n g  t h e  roughed s l a b  on t h e  e n t r y  s i d e  o f  t h e  f i n i s h i n g  t r a i n  
c a n  be  r educed  by a s  much a s  8-10 t i m e s  a l o n g  t h e  s t r i p  l e a v i n g  
t h e  t r a i n .  A t  t h e  same t i m e ,  t h e  change o f  t h e  Tsl i s  a n  e f f e c t i v e  
way o f  i n f l u e n c i n g  t h e  T o f  t h i c k  s t r i p s  (8-16 mm) b e c a u s e  t h e  f  d  
m e t a l  t e m p e r a t u r e  d r o p  o f  t h e  m i l l  i s  much lower  ( 6  t o  3  t i m e s ) .  
S i n c e  t h e  d e s i r e d  o b j e c t i v e  may b e  a t t a i n e d  t h r o u g h  v a r i o u s  
measu res ,  t h e  problem o f  o p t i m a l  c o n t r o l  o f  t e m p e r a t u r e ,  de-  
f o r m a t i o n ,  and r o l l i n g  s p e e d  p a t t e r n s  becomes u r g e n t .  
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5.  O p t i m i z a t i o n  of  S t r i p  R o l l i n g  C o n d i t i o n s  
5 . 1  D e t e r m i n a t i o n  o f  Opt imal  Tempera ture  and  T h i c k n e s s  o f  Meta l  
t o  b e  R o l l e d  
The re  a r e  two b a s i c  p o i n t s  i n  d e t e r m i n i n g  m e t a l  r e d u c t i o n  d i s t r i -  
b u t i o n  i n  t h e  HSM s t a n d s :  t h e  r e l a t i o n  between t h e  o v e r a l l  
e l o n g a t i o n  i n  t h e  r o u g h i n g  and  f i n i s h i n g  g roups  ( i . e . ,  t h e  
t h i c k n e s s  o f  t h e  s l a b  Hsl and t h e  roughed s l a b  H p ) ,  and t h e  
o p t i m a l  m e t a l  r e d u c t i o n  d i s t r i b u t i o n  between s t a n d s  w i t h i n  t h e  
t r a i n s .  
5 . 1 . 1  O ~ t i m a l  T e m ~ e r a t u r e - D e f o r m a t i o n  P a t t e r n  f o r  Thin  S t r i ~  
R o l l i n g  
The s l a b  t h i c k n e s s  f o r  t h i n  s t r i p s  v a r i e s  w i t h i n  a  wide r a n g e  o f  
180-260 mm; roughed- s l ab  t h i c k n e s s  i s  s e l e c t e d  on t h e  b a s i s  o f  
t h e  r e q u i r e d  r o l l e d  s t r i p  t h i c k n e s s ,  u s i n g  t h e  f o r m u l a :  
I n  e x i s t i n g  p r a c t i c e  f o r  r o l l i n g  t h i n  s t r i p s  (up  t o  3 .5  mm) , 
t h i n n e r  roughed s l a b s  a r e  used  t o  r e d u c e  s t a n d  l o a d s .  But  a  
r e d u c t i o n  o f  t h e  H i n c r e a s e s  h e a t  losses i n  t h e  r o u g h i n g  t r a i n  
P  
and on t h e  i n t e r m e d i a t e  t a b l e ,  a s  w e l l  a s  i n  t h e  l o a d s  o n  t h e  
rough ing  s t a n d s  and  i n  t h e  m e t a l  e n t e r i n g  t h e  f i n i s h i n g  t r a i n .  
T h i s  t e m p e r a t u r e  d r o p  a l o n g  t h e  roughed s l a b  ( u p  t o  2.5Oc/m) 
l e a d s  t o  i n s t a b i l i t y  o f  t h e  r o l l i n g  p a r a m e t e r s  a l o n g  t h e  s t r i p .  
I n c r e a s e d  h e a t  losses p r a c t i c a l l y  o f f s e t  t h e  d e c r e a s e  i n  f i n i s h i n g  
s t a n d  l o a d s  r e s u l t i n g  from t h e  r e d u c t i o n  o f  t h e  o v e r a l l  d r a f t .  
Our s t u d y  i n c l u d e s  c a l c u l a t i o n  o f  t h e  i n f l u e n c e  o f  roughed- s l ab  
t h i c k n e s s  on  Tfd and  s t a n d  l o a d .  For  t h e  f i n i s h i n g  s t a n d s ,  t h e  
o v e r a l l  e l o n g a t i o n  change  AH c a u s e d  by t h e  roughed- s l ab  t h i c k -  P '  
n e s s  change A u C ,  c a n  b e  found t o  b e :  
The e l o n g a t i o n  change i n  each  of  n  s t a n d s  i s  t a k e n  t o  b e  
and e l o n g a t i o n  i n  t h e  i - t h  s t a n d  i s  d e f i n e d  by t h e  p r o d u c t  
where v i O  i s  t h e  e l o n g a t i o n  i n  t h e  i - t h  s t a n d  under t h e  i n i t i a l  
r e d u c t i o n  c a l c u l a t e d  f o r  t h e  roughed-s lab  t h i c k n e s s  H . P  
Such a  d i s t r i b u t i o n  of  m e t a l  r e d u c t i o n  between s t a n d s ,  d e s p i t e  
changes i n  H p r o v i d e s  uni form l o a d i n g  s t a n d s ,  which i s  e s s e n t i a l  
P'  
s o  t h a t  de fo rmat ion  p a t t e r n s  m e e t  t h e  requ i rements  o f  r o l l  wear 
u n i f o r m i t y .  
F i g .  5 . 1  shows t h e  r e s u l t s  of  c a l c u l a t i o n s  f o r  f i n a l  r o l l i n g  
t e m p e r a t u r e  v s .  roughed-s lab  t h i c k n e s s .  With i n c r e a s i n g  H P '  
t h e  t e m p e r a t u r e  d r o p  a l o n g  t h e  m e t a l  l e n g t h  d e c r e a s e s ,  l e a d i n g  
t o  a  d e c r e a s e  i n  s t r i p  gage v a r i a t i o n  [ I 6 1  and i n  s t a n d  l o a d s  
a l o n g  t h e  s t r i p .  A t  t h e  same t i m e ,  t h e  a c c e l e r a t i o n  must be  
d e c r e a s e d  t o  s t a b i l i z e  t h e  T f d ;  t h i s  i s  a n  e s s e n t i a l  d i s a d v a n t a g e  
o f  t h i c k e r  roughed s l a b s ,  l e a d i n g  t o  d e c r e a s e d  m i l l  p r o d u c t i v i t y .  
For  example, a n  i n c r e a s e  o f  H from 27 t o  40 mm when r o l l i n g  
P  
a  s t r i p  1 . 5  x  1250 mm 1500 m l o n g ,  w i t h  a  t h r e a d i n g  speed  o f  
1 0  m/sec, l e a d s  t o  a  d e c r e a s e  i n  s t r i p  r o l l i n g  t i m e  o f  1 . 3 % .  
Tab le  5 . 1  shows t h e  r e s u l t s  o f  c o s t  e f f i c i e n c y  c a l c u l a t i o n s  f o r  
v a r i o u s  t h i n  s t r i p  r o l l i n g  p a t t e r n s .  I n  t e r m s  of  equipment 
c a p a b i l i t y ,  t h e  r o l l i n g  o f  t h i n  s t r i p s  h a s  t h e  f o l l o w i n g  f e a t u r e s :  
owing t o  low r o l l i n g  speeds  i n  t h e  f i r s t  f i n i s h i n g  s t a n d s  (0.3-  
1 . 0  m/sec) and r e l a t i v e l y  g r e a t  m e t a l  r e d u c t i o n  (45-55% i n  one 
s t a n d ) ,  t h e  f i r s t  two s t a n d s  o f  t h e  2000 m i l l  a r e  h e a v i l y  loaded  
w i t h  r e s p e c t  t o  t o r q u e  Md and s t a n d  l o a d  Pd,  b u t  w i t h  o n l y  20-30% 
o f  t h e  main d r i v e  c a p a c i t y  (kw) be ing  used.  That  i s  why Tab le  5 . 1  
T a b l e  5 .1 .  I n f l u e n c e  of  t h i n  s t r i p  r o l l i n g  d e f o r m a t i o n  p a t t e r n  
on  c o s t  e f f i c i e n c y .  
T~ Tf d Md VI M d ~ ~ ~  P~~ P~~  3. nRr m t  AR H x H  x h ( m m )  - 2  r u b  - 2  r u b  - 2  r u b  - 2  r u b  
sl P OC O C  tonern ton-rn ton ton lo ton lo ton ton lo t~  10 -
(AR i s  t h e  c h a r q e  o f  t h e  p r o c e s s i n g  c o s t s )  
shows t h e  i n f l u e n c e  of  de fo rmat ion  p a t t e r n s  on r o l l i n g  t o r q u e s  
( " d ~ ~  and M d ~ ~ ~  ) and l o a d s  (PdVI and P dVI I ) i n  s t a n d s  V I  and V I I  
f o r  t h e  m e t a l  head end.  
C a l c u l a t i o n s  show t h a t  i n c r e a s e d  s l a b  and roughed-s lab  t h i c k n e s s e s  
r e s u l t  i n  a  r e l a t i v e  r e d u c t i o n  o f  h e a t  l o s s  and a n  i n c r e a s e  i n  
t e m p e r a t u r e  a t  t h e  rougher  e x i t  caused by reduced e l e c t r i c  power 
consumption. H o t t e r  m e t a l  h a s  g r e a t e r  e l a s t i c i t y ,  which com- 
p e n s a t e s  f o r  t h e  i n f l u e n c e  of  t h e  r e l a t i v e l y  h i g h  m e t a l  r e d u c t i o n  
on t h e  s t a n d  l o a d .  However, w i t h  an  i n c r e a s e  i n  r e l a t i v e  
r e d u c t i o n ,  t h e  l e n g t h  of  t h e  de fo rmat ion  h e a r t h  and t h e  arm o f  
t h e  r e s u l t i n g  r o l l i n g  f o r c e  i n c r e a s e ,  c a u s i n g  i n c r e a s e d  r o l l i n g  
t o r q u e s ,  though n o t  p r o p o r t i o n a l  t o  t h e  m e t a l  t h i c k n e s s .  
Tab le  5 . 1  and F i g .  5 .2  s u g g e s t  t h e  f o l l o w i n g  c o n c l u s i o n s .  
1) For  t h i n  s t r i p  r o l l i n g ,  a n  i n c r e a s e  i n  roughed-s lab  t h i c k n e s s  
o f  1 mm e n t a i l s  an  i n c r e a s e  i n  T of 1 . 5 - 2 . 5 ' ~  w i t h  v i r t u a l l y  f d  
t h e  same s t a n d  load .  With a  d i f f e r e n t  r e d u c t i o n  d i s t r i b u t i o n  
i n  t h e  f i n i s h i n g  s t a n d s ,  e . g . ,  w i t h  g r e a t e r  l o a d i n g  on t h e  
l a s t  s t a n d s ,  a  s t i l l  g r e a t e r  i n c r e a s e  i n  T f d  i s  p o s s i b l e  i n  
r e sponse  t o  changing H and H . 
s l  P  
2) To improve t h e  r o l l e d  s t r i p  m e t a l  s t r u c t u r e ,  it would be 
t e c h n o l o g i c a l l y  and economical ly  e x p e d i e n t  t o  i n c r e a s e  s l a b  
and roughed-s lab  t h i c k n e s s e s  up t o  t h e  complete t o r q u e  l o a d  
of t h e  f i r s t  f i n i s h i n g  s t a n d s .  For  t h e  2000 m i l l ,  t h e  o p t i m a l  
Hsl and H f o r  t h i n  s t r i p  a r e  a b o u t  300 and 4 0 0  mm r e s p e c t i v e l y ,  
P  
i n s t e a d  of  t h e  240 and 26-35 mm used now. 
3)  The use  o f  o p t i m a l  Hsl  and H makes it p o s s i b l e  t o  i n c r e a s e  
P  
t h e  s l a b  weight  by 20-25% w i t h  t h e  same t a b l e  l e n g t h ,  s o  t h a t  
p r o d u c t i v i t y  may be  i n c r e a s e d  by 3-6%. T h i s  would e n t a i l  
r e c o n s t r u c t i o n  of  t h e  c o i l e r s  such a s  t o  i n c r e a s e  t h e  maximal 
c o i l  d i a m e t e r .  
4 )  An i n c r e a s e  o f  H from 240 t o  300 mm and of  H from 26  t o  
s l  P  
35 mrn r e s u l t s  i n  a  r e d u c t i o n  by 5-7% o f  r o l l  consumption 
c a u s e d  by wear ,  and t h u s  i n  a n  a d d i t i o n a l  i n c r e a s e  o f  m i l l  
p r o d u c t i v i t y  owing t o  reduced  r o l l  r e p l a c e m e n t  t i m e .  
5 )  The economic e f f e c t  o f  i n c r e a s e d  rough-s l ab  t h i c k n e s s  ( d i s r e -  
g a r d i n g  t h e  improved q u a l i t y  o f  s t r i p  s t r u c t u r e )  i s  a  pro-  
d u c t i o n  c o s t  d e c r e a s e  o f  a b o u t  0 . 4 - 1 . 0 %  ( t h e  t h i n n e r  t h e  s t r i p ,  
t h e  g r e a t e r  t h e  e f f e c t )  w i t h  t h e  same s l a b  weighb.  
6 )  F o r  newly d e s i g n e d  m i l l s ,  t h e  t h i c k n e s s  o f  roughed s l a b s  f o r  
t h i n  s t r i p  r o l l i n g  s h o u l d  b e  s e l e c t e d  s u c h  a s  t o  p r o v i d e  t h e  
r e q u i r e d  h i g h  t o r q u e  l o a d  on t h e  f i r s t  f i n i s h i n g  s t a n d s .  With 
t h e  same o r  even  lower  main d r i v e  kw, t h e s e  d r i v e s  s h o u l d  have 
g r e a t e r  a l l o w a b l e  t o r q u e s  ( s a y ,  400 t m )  i n  o r d e r  t o  a v o i d  
d i s c r e p a n c i e s  between mechan ica l  and e l e c t r i c a l  equipment .  
T h i s  would a l l o w  r e d u c t i o n  o f  t h e  rough ing  t r a i n  and  t h e  i n t e r -  
m e d i a t e  t a b l e  l e n g t h s  by a  f a c t o r  o f  1 .5 .  
S i n c e  t h e  r o l l i n g  s p e e d s  on t h e  f i r s t  f i n i s h i n g  s t a n d s  d e c r e a s e  
w i t h  i n c r e a s i n g  H t h e  e f f i c i e n c y  o f  t h e  speed  p a t t e r n  ( F i g .  4 . 1 )  
P '  
becomes even  g r e a t e r  f rom t h e  s t a n d p o i n t  o f  i n c r e a s e d  Tfd  a n d  
p r o d u c t i v i t y .  
S i n c e  m i l l  c a p a b i l i t y  o f  smoothing t h e  m e t a l  t e m p e r a t u r e  d r o p  
when r o l l i n g  t h i n  s t r i p  i s  v e r y  h i g h ,  s l a b  t e m p e r a t u r e  changes  
do  n o t  g r e a t l y  a f f e c t  t h e  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e .  The 
l o a d  on t h e  rough ing  s t a n d s  depends  e s s e n t i a l l y  on t h e  Tsl; 
however,  s i n c e  t h i n  s t r i p s  as a r u l e  have  a  w i d t h  less t h a n  t h e  
maximum p e r m i t t e d  by t h e  m i l l ,  t h e  rough ing  t r a i n  i s  n o t  a  
b o t t l e n e c k  w i t h  r e s p e c t  t o  l o a d .  
5.1 .2  Opt imal  Temperature-Deformation P a t t e r n  f o r  Th ick  S t r i p  
R o l l i n g  
a )  Me ta l  H e a t i n g  i n  Furnaces  
Reduc t ion  o f  s l a b  t e m p e r a t u r e  T  r e s u l t s  i n  i n c r e a s e d  p r o d u c t i v i t y  
s l  
o f  t h e  r e h e a t i n g  f u r n a c e s  and i n  h i g h e r  r o l l i n g  s p e e d s  i n  t h e  
f i n i s h i n g  t r a i n .  H ighe r  s p e e d  l e a d s  t o  r educed  m e t a l  h e a t  l o s s e s  
and  t o  h i g h e r  h e a t  g e n e r a t i o n  caused  by m e t a l  d e f o r m a t i o n  work 
[ 1 7 ] ;  t h u s  t h e  r e q u i r e d  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  c a n  be ob- 
t a i n e d  a t  lower  T  
s l '  F i g .  5 .2  shows t h e  t h r e a d i n g  speed  v s .  s l a b  
t e m p e r a t u r e  f o r  d i f f e r e n t  s t r i p  and roughed- s l ab  t h i c k n e s s e s .  
The change i n  s l a b  h e a t i n g  t e m p e r a t u r e  T  c a n  be  used  a s  a  c o n t r o l  
s l  
a c t i o n  f o r  t h e  f o l l o w i n g  r e a s o n .  I f  a t  a  g i v e n  HSPl t h e  r e h e a t i n g  
f u r n a c e s  a r e  t h e  b o t t l e n e c k  when r o l l i n g  t h i n  s t r i p s ,  t h e  o n l y  
way t o  i n c r e a s e  o p e r a t i o n  e f f i c i e n c y  i s  t o  enhance  f u r n a c e  
p r o d u c t i v i t y ,  m a i n l y  by r e d u c i n g  T  
s l '  T h i s  c a n n o t  be  c o n s i d e r e d  
normal ,  b e c a u s e  t h e  c o s t  o f  f u r n a c e s  i s  o n l y  17-30% t h a t  o f  t h e  
rough ing  and f i n i s h i n g  t r a i n s ,  and  f u r n a c e s  s h o u l d  have  a  p ro -  
d u c t i v i t y  s u f f i c i e n t  f o r  p r a c t i c a l l y  f u l l  m i l l  l o a d i n g .  But  i n  
t h i s  c a s e ,  t h e  Tsl i s  a l s o  a n  e f f e c t i v e  c o n t r o l  f o r  s a t i s f y i n g  
t h e  a c c e p t e d  economic c r i t e r i o n ,  s i n c e  f o r  t h i c k  s t r i p  r o l l i n g  
t h e  p o r t i o n  o f  f u e l  i n  t h e  t o t a l  p r o c e s s i n g  c o s t  i s  20-25%. 
I£ Tsl i s  t h e  same f o r  r o l l i n g  s t r i p s  o f  d i f f e r e n t  t h i c k n e s s e s ,  
t h e n  t o  o b t a i n  t h e  r e q u i r e d  Tfd when r o l l i n g  t h i c k  s t r i p ,  t h e  
r o l l i n g  speed  i n  t h e  f i n i s h i n g  t r a i n  i s  r e d u c e d  s o  a s  t o  i n c r e a s e  
t h e  h e a t  l o s s e s  ( F i g .  4 . 3 ) ;  i n  o t h e r  words ,  u s e l e s s  f u e l  con- 
sumpt ion  and lower  m i l l  p r o d u c t i v i t y  o c c u r .  F o r  example ,  f i n i s h i n g  
t r a i n  p r o d u c t i v i t y  when r o l l i n g  16 .0  mm s t r i p  i s  8 .4% less t h a n  
when r o l l i n g  5 . 0  mm s t r i p ,  and 6 .2% less f o r  10.0 mm s t r i p  ( T f d  
i s  9 7 5 ' ~ ~  w e i g h t  of  one  l i n e a r  m e t e r  o f  t h e  s l a b  i s  20 t ,  p a u s e s  
between s t r i p s  a r e  10 sec, and t h r e a d i n g  s p e e d s  a r e  1 . 7 ,  6 . 0  and 
3 . 0  m/sec r e s p e c t i v e l y ) .  
An i n c r e a s e d  s l a b  t e m p e r a t u r e  of  1 0 ' ~  o v e r  t h e  "nomina l " ,  when 
r o l l i n g  1 0  mrn s t r i p ,  e n t a i l s  d e c r e a s e d  m i l l  p r o d u c t i v i t y  owing 
t o  reduced  t h r e a d i n g  s p e e d ,  and t h u s  i n c r e a s e s  t h e  s t r i p  cost 
by a b o u t  0 . 2 0  r o u b l e s / t o n .  ( C a l c u l a t i o n s  were made w i t h  t h e  
f o l l o w i n g  i n i t i a l  d a t a :  w e i g h t  o f  one  l i n e a r  m e t e r  of  s l a b  = 
2 0  t o n s ,  p a u s e s  between s t r i p s  = 10 sec, t h r e a d i n g  s p e e d  = 4 m/ 
sec.) I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  i n c r e a s e d  r o l l i n g  speed  
on t h e  f i n i s h i n g  s t a n d s  d o e s  n o t  i n f l u e n c e  m i l l  p r o d u c t i v i t y .  
Thus on t h e  l a s t  rough ing  s t a n d  (where r o l l i n g  t i m e  i s  s e v e r a l  
t i m e s  less t h a n  t h a t  i n  t h e  f i n i s h i n g  t r a i n ) ,  r o l l i n g  s p e e d  i s  
i n c r e a s e d  t o  3.2 m/sec ( t h e r e  a r e  a l r e a d y  m i l l s  w i t h  9 .8  m/sec 
[ 5 7 ] ) ;  1 4  mm s t r i p  i s  r o l l e d  i n  t h e  f i n i s h i n g  t r a i n  a t  t h e  same 
s p e e d ,  1 .67  m/sec ( f o r  Tfd  = 8 4 0 - 8 5 0 ' ~ ) .  
When r o l l i n g  8 . 0  x 1500 mrn s t r i p s  w i t h  a  t h r e a d i n g  speed  o f  
3.34 m/sec and a  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  o f  8 6 0 - 8 7 0 ' ~ ~  t h e  
f i n i s h i n g  t r a i n  main d r i v e  motors a r e  loaded  t o  25-30% o f  t h e  
r a t e d  c u r r e n t  l o a d .  A comprehensive s t u d y  o f  t h e  2000 m i l l  
f i n i s h i n g  t r a i n  h a s  demons t ra t ed  t h a t ,  f o r  t h e  m a j o r i t y  o f  a c t u a l  
r o l l i n g  s c h e d u l e s  and a  s t r i p  r ange  o f  1 . 2  t o  1 2 . 0  mm, t h e  a v e r a g e  
c u r r e n t  l o a d  i s  o n l y  50-60%, and  t h e  power l o a d  40-50% [761.  
For  t h e  s t r i p  t h i c k n e s s  r ange  o f  4.0-16.0 mm, t h e s e  v a l u e s  a r e  
s t i l l  lower. Thus,  a  d e c r e a s e  o f  Tsl  c o r r e s p o n d s  t o  t h e  economic 
c r i t e r i o n  and is  t e c h n o l o g i c a l l y  f e a s i b l e ,  because  i n  t h i c k  s t r i p  
r o l l i n g  t h e  modern HSM h a s  r e s e r v e  s t r e n g t h  and power. 
Changes i n  m i l l  f i n i s h i n g  t r a i n  p r o d u c t i v i t y  a r e  shown i n  F i g .  5 . 3 ,  
w i t h  a l l o w a n c e s  f o r :  
- r o l l i n g  speed  changes  o n l y  ( l i n e s  AQ ) ;  
n 
- r o l l i n g  speed  changes  p l u s  i n c r e a s e d  t i m e  f o r  r o l l  r e p l a c e m e n t  
p a u s e s  A Q ;  
- same a s  above ,  p l u s  c o n s i d e r a t i o n  o f  f u r n a c e  p r o d u c t i v i t y  
changes  a s  a  f u n c t i o n  o f  T and s t r i p  s i z e .  
s l  
A s  may b e  s e e n  from F i g .  5 . 3 ,  t h e  i n f l u e n c e  o f  r o l l  wear on t h e  
p r o d u c t i v i t y  AQn - A Q  i s  a n  o r d e r  o f  magni tude  less t h a n  t h a t  of  
t h e  s l a b  t e m p e r a t u r e .  
F i g s .  5 . 4 ,  5 .5  and  5 .6  show consumption o f  e l e c t r i c  power,  r o l l s ,  
a n d  f u e l ,  and  t h e  l o s s e s  caused  by s c a l i n g  v s .  s l a b  t e m p e r a t u r e  
and  s t r i p  s izes .  F i g .  5 .7  shows changes  i n  t h e  p o r t i o n  o f  f i x e d  
e x p e n s e s  ARd a n d  t o t a l  p r o d u c t i o n  c o s t s  AR. 
On t h e  b a s i s  of t h e  r e l a t i o n s  shown i n  F i g s .  5 . 4 ,  5 .6  and  5 . 7 ,  
t h e  i t e m s  of  t h e  o b j e c t i v e  f u n c t i o n  may b e  c l a s s i f i e d  w i t h  re- 
s p e c t  t o  t h e i r  i n f l u e n c e  on t h e  changes  i n  t o t a l  c o s t s  AR w i t h  
d e c r e a s e d  Tsl ( f o r  t h e  whole r a n g e  o f  s t r i p  t h i c k n e s s e s )  a s  
f o l l o w s :  
- Decrease  i n  t h e  p o r t i o n  o f  f i x e d  e x p e n s e s  ARd, 
- Decrease  i n  s l a b  s c a l i n g  i n f l u e n c e s  ARY 
- Decrease  i n  f u e l  consumpt ion  ARt ,  
- I n c r e a s e  i n  e l ec t r i c  power consumption AR 
u i  
- I n c r e a s e  i n  r o l l  consumption (due  t o  r o l l  wear )  ARr. 
The d e g r e e  of  i n f l u e n c e  o f  T  on  t h e  t h r e a d i n g  s p e e d  Vb may be  
s l  
c h a r a c t e r i z e d  by a  number o f  c o e f f i c i e n t s :  t h e  m e t a l  t e m p e r a t u r e  
d r o p  smooth ing  a l o n g  t h e  m i l l ,  d e f i n e d  by t h e  r a t i o  o f  s l a b  
t e m p e r a t u r e  change  t o  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  change  ( K T  = 
AT /ATfd);  t h e  f i n s h i n g  r o l l i n g  t e m p e r a t u r e  speed  c o e f f i c i e n t  
s l  
c h a r a c t e r i z i n g  t h e  r a t i o  o f  Tfd change t o  t h a t  o f  Vb ( K v  = ATfd/ 
AvbOc/sec/m); and  t h e  r e l a t i v e  t e m p e r a t u r e  speed  c o e f f i c i e n t  
The m i l l  t e m p e r a t u r e / s p e e d  c o e f f i c i e n t  KTv i s  d e r i v e d  f rom 
F i g .  5 .2 .  A s  a n  a v e r a g e ,  f o r  s l a b  t e m p e r a t u r e s  o f  1 1 0 0 - 1 2 6 0 ' ~  
and  s t r i p  t h i c k n e s s e s  o f  5 ,  10, 12 and  16 mm, KTv i s  r e s p e c t i v e l y  
59 .3 ,  69 .7 ,  72 .8  and  94.2'c/sec/m. T h i s  shows t h a t  t h e  a b s o l u t e  
d e g r e e  o f  s l a b t e m p e r a t u r e  i n f l u e n c e  on r o l l i n g  speed  ( c h a r a c -  
t e r i z e d  by KTV) d e c r e a s e s  w i t h  i n c r e a s i n g  s t r i p  t h i c k n e s s .  T h i s  
c a n  be e x p l a i n e d  by t h e  f a c t  t h a t  w i t h  i n c r e a s i n g  s t r i p  t h i c k n e s s ,  
t h e  e f f e c t i v e n e s s  o f  c o n t r o l l i n g  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  
by t h r e a d i n g  speed  changes  grows f a s t e r  ( c o e f f i c i e n t  K v )  t h a n  
t h e  m e t a l  t e m p e r a t u r e  smoothing c a p a b i l i t y  ( c o e f f i c i e n t  K ) T 
d e c r e a s e s .  
A c o n s i d e r a b l e  p o r t i o n  o f  t h e  f i x e d  e x p e n s e s  a s s o c i a t e d  w i t h  s l a b  
h e a t i n g  t e m p e r a t u r e ,  and  t h e  s t r o n g  i n f l u e n c e  o f  t h i s  t e m p e r a t u r e  
on r o l l i n g  s p e e d ,  f u e l  consumpt ion  and s l a b  s c a l i n g ,  a c c o u n t  f o r  
t h e  s h a r p  changes  i n  HSM p r o c e s s i n g  c o s t s  w i t h  changing  h e a t i n g  
t e m p e r a t u r e .  
The i n f l u e n c e  o f  s l a b  t e m p e r a t u r e  d e c r e a s e  on m i l l  p r o d u c t i v i t y ,  
and t h u s  on t h e  p o r t i o n  o f  f i x e d  expenses  @ Rd,  depends  a l s o  on 
t h e  i n i t i a l  t h r e a d i n g  s p e e d ,  which i s  c h a r a c t e r i z e d  by t h e  
c o e f f i c i e n t  KTvo. The mean v a l u e  o f  K f o r  s t r i p s  o f  5 ,  10, Tvo 
12  and 16  mm i s  516,  370, 334 and 3 2 0 ' ~  r e s p e c t i v e l y .  The 
r e d u c t i o n  o f  K T vo ( F i g .  5 . 7 )  w i t h  i n c r e a s i n g  s t r i p  t h i c k n e s s  i s  
a t t r i b u t e d  t o  t h e  more i n t e n s i v e  d e c r e a s e  o f  DRd. 
The above f a c t o r s  l e a d  t o  t h e  f o l l o w i n g  c o n c l u s i o n s .  
1) The o p e r a t i o n  i n d e x e s  o f  t h e  f u r n a c e s ,  and t h e  m i l l  a s  a  
whole ,  improve w i t h  d e c r e a s i n g  s l a b  h e a t i n g  t e m p e r a t u r e  u n t i l  
t h e  f u l l  c a p a c i t y  of  t h e  m i l l  equipment  ( r o u g h e r ,  f i n i s h i n g  
t r a i n s  and c o i l e r s )  i s  r e a c h e d .  
2 )  P r o c e s s i n g  c o s t s  d r o p  s h a r p l y  w i t h  d e c r e a s i n g  T and H s l ;  
s l  
t h i s  e f f e c t  i s  more pronounced f o r  t h i c k e r  s t r i p s .  
3 )  Because t h e  d e c r e a s e  i n  t o t a l  c o s t s  AR i s  more i n t e n s i v e  t h a n  
t h e  change i n  t h e  p o r t i o n  o f  f i x e d  e x p e n s e s  AR a d e c r e a s e  d l  
o f  Tsl i s  p r o f i t a b l e  even  d i s r e g a r d i n g  t h e  i n c r e a s e  i n  m i l l  
p r o d u c t i v i t y .  Hence, it f o l l o w s  t h a t  Tsl  i s  one o f  t h e  most 
e f f e c t i v e  means f o r  h o t  s t r i p  r o l l i n g  c o n t r o l .  
4 )  S a v i n g s  i n  f u e l ,  o r  ( s e p a r a t e l y )  a  d e c r e a s e  o f  s c a l i n g  l o s s e s ,  
o f f s e t  t h e  d i s a d v a n t a g e s  of  d e c r e a s i n g  Tsl caused  by t h e  i n -  
c r e a s e  i n  r o l l  and e l e c t r i c  power consumption.  
The f a c t  t h a t ,  w i t h  a  g i v e n  s l a b  and  roughed- s l ab  t h i c k n e s s ,  
t h e  rough ing  s t a n d s  have  a  h e a v i e r  l o a d  t h a n  t h e  f i n i s h i n g  
s t a n d s  i s  c h a r a c t e r i s t i c  o f  modern h o t  s t r i p  r o l l i n g  p r a c t i c e .  
F o r  t h i c k n e s s e s  o f  240 and 4 0  mrn r e s p e c t i v e l y ,  u s e d  a t  t h e  2000 
m i l l ,  t h e  rough ing  s t a n d s  a r e  a  b o t t l e n e c k  f o r  a l l  t h i c k  s t r i p s  
a s  f a r  a s  t o r q u e s  and power a r e  conce rned .  Formula ( 3 . 7 ) ,  t h e r e -  
f o r e ,  g i v e s  t h e  maximum a l l o w a b l e  T  w i t h  r e s p e c t  t o  t h e  con- 
s l  
s t r a i n t s  on  t h e  rough ing  s t a n d  l o a d s .  To r e d u c e  t h e s e  l o a d s ,  a 
d e c r e a s e  i n  s l a b  t h i c k n e s s  can  b e  p roposed ,  which would make 
p o s s i b l e  a  f u r t h e r  r e d u c t i o n  o f  t h e  s l a b  t e m p e r a t u r e .  
Where t h e  rough ing  s t a n d s  a c t  a s  t h e  b o t t l e n e c k  b e c a u s e  of t h e i r  
l o a d s ,  t h e  p o s s i b l e  s l a b  h e a t i n g  t e m p e r a t u r e  r e d u c t i o n  due t o  
i n c r e a s e d  roughed- lab t h i c k n e s s  was c a l c u l a t e d  ( 3 . 7 ) .  I t  was 
found t h a t ,  g i v e n  t h e  d i s t r i b u t i o n  o f  m e t a l  r e d u c t i o n  among t h e  
s t a n d s  o f  b o t h  t r a i n s  a c c o r d i n g  t o  Eqs.  ( 5 . 2 1 ,  ( 5 . 3 )  a n d  (5 .41 ,  
and g i v e n  t h e  d e c r e a s e  o f  s l a b  t e m p e r a t u r e  w i t h  i n c r e a s e d  roughed- 
s l a b  t h i c k n e s s  H d e f i n e d  by ( 3 . 7 ) ,  t h r e a d i n g  s p e e d s  remained  
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p r a c t i c a l l y u n c h a n g e d .  With i n c r e a s e d  roughed- s l ab  t h i c k n e s s ,  
t h e  m e t a l  i s  c a p a b l e  o f  p r e s e r v i n g  more h e a t ,  t h u s  compensa t ing  
f o r  t h e  d e c r e a s e  o f  Tsl ( l o a d i n g  on t h e  rough ing  s t a n d s  i s  a t  
t h e  same l e v e l ) .  Consequen t ly ,  i n c r e a s e d  H i s  r e a s o n a b l e  i n  t h e  
P  
cases where : 
1) The t h r e a d i n g  s p e e d s  a r e  t h e  maximum a l l o w a b l e  ( i n  o r d e r  t o  
s a v e  f u e l  and  s c a l e )  ; 
2)  F u r n a c e s  a r e  t h e  b o t t l e n e c k  and  t h e  f i n i s h i n g  s t a n d s  a r e  n o t  
f u l l y  l o a d e d .  
An i n c r e a s e  i n  roughed- s l ab  t h i c k n e s s  and  a  r e d u c t i o n  o f  Tsl 
d o e s  n o t  s i g n i f i c a n t l y  change r o l l  wear  r a t e  o f  e l e c t r i c  power 
consumption (Tfd  = c o n s t .  ) . 
The o p t i m a l  s l a b  and roughed-s lab  t e m p e r a t u r e s  v s .  roughed-s l ab  
w i d t h  and  t h i c k n e s s  a r e  p l o t t e d  i n  F i g .  5 . 8 .  For  t h e  2000 m i l l ,  
t h e  o p t i m a l  t h i c k n e s s  H f o r  a  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  r a n g e  P  
o f  8 5 0 - 8 9 0 ' ~  i s  approximated  by t h e  formula :  
and t h e  o p t i m a l  s l a b  t e m p e r a t u r e  i s  de te rmined  t h r o u g h  ( 3 . 7 )  . 
With such  v a l u e s  of  H and T  
s l '  b o t h  t r a i n s  o f  t h e  m i l l  would b e  P  
l o a d e d  up t o  a b o u t  90-95% o f  t h e  a l l o w a b l e  c a p a c i t y  w i t h  r e s p e c t  
t o  t o r q u e s  and  power o f  t h e  main d r i v e s .  
A n a l y s i s  of  t h e  d iagrams ( F i g .  5 . 8 )  and  Equa t ion  ( 5 . 5 )  r e v e a l s  
t h e  dependence of  o p t i m a l  s l a b  t e m p e r a t u r e  and o p t i m a l  rougher  
e x i t  m e t a l  t e m p e r a t u r e  T on s t r i p  wid th  and t h i c k n e s s  ( F i g .  5 . 9 ) .  
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F i g .  5 .10  shows t h e  o p t i m a l  t h r e a d i n g  speeds  f o r  a l l  t h i c k  s t r i p s  I 
a s s o c i a t e d  w i t h  o p t i m a l  t e m p e r a t u r e  p a t t e r n s  ( F i g .  5 . 9 )  and I 
a l l o w a b l e  t h r e a d i n g  s p e e d s .  The f o l l o w i n g  i m p o r t a n t  c o n c l u s i o n s  
c a n  be drawn from F i g .  5 .10:  
1) An a p p r o p r i a t e  t e m p e r a t u r e  d e f o r m a t i o n  r o l l i n g  p a t t e r n ,  making 
f u l l  u se  of  t h e  equipment  s p a c e  c a p a c i t y ,  a l l o w s  a n  i n c r e a s e  
i n  m i l l  p r o d u c t i v i t y  by approx ima te ly  a  f a c t o r  o f  2 .  T h i s  does  
n o t  r e q u i r e  l a r g e  c a p i t a l  i n v e s t m e n t s  and a t  t h e  same t i m e  
l e a d s  t o  a n  a p p r e c i a b l e  r e d u c t i o n  i n  p r o d u c t i o n  c o s t s .  
2 )  With r e f e r e n c e  t o  t h e  o p t i m a l  t e m p e r a t u r e  d e f o r m a t i o n  r o l l i n g  
p a t t e r n ,  na r rower  s t r i p s  a r e  more " p r o f i t a b l e "  t h a n  w i d e r  o n e s ,  
because  t h e  w i d t h  r e d u c t i o n  r e s u l t s  i n  g r e a t e r  p r o d u c t i v i t y  
( t / h o u r s ,  f u e l  and  s c a l e  l o s s  s a v i n g s )  . 
3) A d d i t i o n a l  p o s s i b i l i t i e s  f o r  a c h i e v i n g  h i g h e r  p r o d u c t i v i t y  
and  o p e r a t i o n  e f f i c i e n c y  i n  r o l l i n g  wide r  s t r i p s  i n c l u d e  
r e d u c i n g  t h e  t o t a l  m i l l  d r a f t ,  i . e . ,  t h e  s l a b  t h i c k n e s s  and 
c o n s e q u e n t l y  t h e  s l a b  h e a t i n g  t e m p e r a t u r e .  The r o l l i n g  p a t t e r n s  
used  a t  t h e  2000 m i l l  c o i n c i d e  w i t h  t h e  o p t i m a l  o n e s  f o r  
s t r i p s  4.0-5.0 mm t h i c k  and  1800-1850 mm wide .  
C )  S l a b  T h i c k n e s s  
Another  c o n t r o l  a c t i o n  which r e d u c e s  t h e  r o u g h i n g  t r a i n  l o a d  and 
t h u s  p e r m i t s  r educed  T i s  a  r e d u c t i o n  i n  s l a b  t h i c k n e s s .  Some 
s l  
e n g i n e e r s  b e l i e v e  t h a t  i n c r e a s i n g  t h e  s l a b  t h i c k n e s s  ( w i t h  l e n g t h )  
i s  t h e  t e c h n o l o g y  which,  by i n c r e a s i n g  t h e  s l a b  w e i g h t ,  w i l l  i n -  
c r e a s e  HSM p r o d u c t i v i t y .  But  i n c r e a s e d  t h i c k n e s s  h a s  n e g a t i v e  
f a c t o r s ,  s u c h  a s  i n c r e a s e d  f u e l  comsumption, s i n c e  s l a b  h e a t i n g  
i n c r e a s e s  s t a n d  l o a d s  and r e d u c e s  t h r e a d i n g  s p e e d s .  T h e r e f o r e ,  
it would be  u s e f u l  t o  d e f i n e  o p t i m a l  s l a b  s i z e s  f o r  s p e c i f i c  CCM- 
HSM c o n d i t i o n s .  
T a b l e  5 .2  shows t h e  dependence  o f  c e r t a i n  e x p e n s e s  on  t h e  pro-  
d u c t i o n  o f  s t r i p s  w i t h  a  g i v e n  t h i c k n e s s  a t  a  c o n s t a n t  s l a b  
t e m p e r a t u r e .  These  d a t a  e x p l a i n  t h e  e f f e c t  o f  s l a b  t h i c k n e s s  on  
t h e  t echn ica l - economic  i n d i c e s  o f  r o l l i n g  ( w i t h o u t  p o s s i b l e  s l a b  
t e m p e r a t u r e  d e d u c t i o n ) .  Note t h a t  c a l c u l a t i o n s  show r o l l  wear  B 
t o  b e  p r a c t i c a l l y  i n d e p e n d e n t  o f  t h e  s l a b  t h i c k n e s s  w i t h  
H = c o n s t  . 
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Reduc t ion  o f  t h e  s l a b  t h i c k n e s s  ( w i t h  f i x e d  l e n g t h )  i n c r e a s e s  t h e  
p r o p o r t i o n  o f  p a u s e s  between p a s s e s  and  r e d u c e s  t h e  a v e r a g e  
r o l l i n g  speed  ( w i t h  a  g i v e n  m i l l  a c c e l e r a t i o n  r a t e ) .  On t h e  o t h e r  
hand ,  when r o l l i n g  a  s t r i p  o f  d e s i r e d  t h i c k n e s s  f rom a  t h i n n e r  
s l a b ,  t h e  m e t a l  c o o l s  f a s t e r  a l o n g  t h e  m i l l  l i n e ,  and  c o n s e q u e n t l y  
t h e  t h r e a d i n g  s p e e d s  c a n  b e  i n c r e a s e d  i n  o r d e r  t o  r e a c h  t h e  de- 
s i r e d  T f d .  Which o f  t h e s e  f a c t o r s  w i l l  be  dominant  depends  on 
t h e  m i l l  t e m p e r a t u r e  r e l a t i v e  t o  t h e  s p e e d  r a t i o  KTvo f o r  a  s t r i p  
o f  g i v e n  t h i c k n e s s .  I n  t h e  c a s e  o f  r o l l i n g  w i t h  a n  a c c e l e r a t i o n  
r a t e  a s  shown i n  T a b l e  5 . 2 ,  t h e  f i r s t  f a c t o r  p r e v a i l s  a n d  p r o -  
d u c t i v i t y  d e c r e a s e s  w i t h  Hsl ,  which i s  t h e  b a s i c  r e a s o n  f o r  i n -  
c r e a s e d  o v e r a l l  e x p e n s e s  R. When r o l l i n g  s t r i p s  t h i c k e r  t h a n  a  
Table  5 . 2 .  Cost  v s .  s l a b  and s t r i p  t h i c k n e s s .  
Tsl = 1220°C,  H = 40 mm, Tfd = 8 8 6 ' ~ .  P 
c e r t a i n  v a l u e  a t  c o n s t a n t  s p e e d ,  t h e  second f a c t o r  p r e v a i l s  and  
p r o d u c t i v i t y  i n c r e a s e s .  Thus,  i n  r o l l i n g  s t r i p s  10 and 16  mm 
t h i c k ,  r e d u c t i o n  o f  Hsl  f rom 2 4 0  t o  180  mm i n c r e a s e s  p r o d u c t i v i t y  
by 2 . 4 %  and 4.8% r e s p e c t i v e l y .  I n  t h i s  c a s e ,  r e d u c t i o n  o f  Hsl 
i s  b e n e f i c i a l  even  w i t h o u t  r e d u c i n g  t h e  s l a b  h e a t i n g  t e m p e r a t u r e .  
F i g .  5 .2  shows t h e  change i n  t h r e a d i n g  s p e e d s  w i t h  t h e  d e c r e a s e  
O f  
f o r  d i f f e r e n t  s l a b  and s t r i p  t h i c k n e s s e s ;  F i g .  5 . 1 1  
i l l u s t r a t e s  t h e  change  i n  o v e r a l l  e x p e n s e s  AR a s  a  f u n c t i o n  o f  
Ts l  w i t h  a p p r o p r i a t e  changes  i n  s l a b  t h i c k n e s s  g i v e n  by fo rmula  
( 3 . 7 ) .  
A s  f o l l o w s  from t h e  d a t a  of  F i g .  5 .11 ,  a r e d u c t i o n  o f  b o t h  s l a b  
t h i c k n e s s  and t e m p e r a t u r e  may s i g n i f i c a n t l y  r e d u c e  t h e  o v e r a l l  
e x p e n s e s  R. The power and t o r q u e  r e q u i r e d  by t h e  main d r i v e s  
f o r  r o l l i n g  s t r i p s  h a v i n g  p a r a m e t e r s  a s s o c i a t e d  w i t h  any  p o i n t  
a l o n g  t h e  s o l i d  c u r v e s  of F i g .  5 . 1 1  amounts t o  90-95s o f  t h e  
r a t e d  v a l u e s .  
The d i s t r i b u t i o n  o f  r e d u c t i o n  among s t a n d s  o f  t h e  r o u g h i n g  and  
f i n i s h i n g  t r a i n s  f o r  s l a b ,  roughed- s l ab  and  s t r i p  t h i c k n e s s e s  
was computed f o r  a  2000 m i l l ,  a s  shown i n  Formulae ( 5 . 2 - 5 . 4 ) ;  
a s  i n d i c a t e d  above ,  t h i s  c o r r e s p o n d s  t o  un i fo rm w e a r  o f  t h e  
r o l l i n g  s t a n d  r o l l s .  The r e d u c t i o n  d i s t r i b u t i o n  i s  shown i n  
T a b l e s  5 .3  and  5 .4 .  
Because o f  t h e  t h e r m a l  i n e r t i a  o f  t h e  f u r n a c e  and i t s  low speed  
of r e s p o n s e ,  no o p t i m a l  t e m p e r a t u r e  f o r  s l a b s  o f  d i f f e r e n t  
t h i c k n e s s  c a n  be  s p e c i f i e d  f o r  e a c h  s t r i p  s i z e  t o  be  r o l l e d .  
T h e r e f o r e ,  f o r  e x i s t i n g  CCM-HSM complexes ( s t r i p  t h i c k n e s s  1 . 2 -  
1 6 . 0  mm) a t  l e a s t  two Tsl and  Hsl s t e p s  s h o u l d  be  i n ' t r o d u c e d ;  
t h i n  s t r i p s  s h o u l d  b e  r o l l e d  from s l a b s  240-300 mm t h i c k  a t  Tsl = 
1200-125o0cI  and  t h i c k  s t r i p s o f  low c a r b o n  s tec l  from a  s l a b  
180-200 mrn t h i c k  a t  Tsl = 1 0 8 0 - 1 1 8 0 ~ ~ ,  depend ing  on s l a b  w i d t h .  
Table 5.3. Metal reduction in the roughing 
stands (slab thickness Hsl, 
thickness at the o u t ~ u t  of 
stands, mm) . 
Slab Thickness 
Hsl 
mm 
240 
24 0 
24 0 
24 0 
220 
180 
168 
I I1 I11 IV V(H 
P 
mm mm mm mm mm 
189 139  9 1 57  35 
195 144 104 64 40  
200 156 109 7 2 48  
2 09 168 121 84 58  
178 132 98 6 2 40  
155 12 1 9 3  6 0 40  
14  6 11 6 9 0 59 40  
T a b l e  5 . 4 .  Me ta l  r e d u c t i o n  i n  t h e  f i n i s h i n g  
s t a n d s  ( roughed  s l a b  t h i c k n e s s  
and workp iece  t h i c k n e s s ,  mm) . 
Roughed Slab Stand Numbers 
Thickness 
H 
P 
VI VII VIII M X XI XII(h) 
With m o d e r n i z a t i o n ,  t h e  number o f  r e h e a t i n g  f u r n a c e  zones  w i l l  
be i n c r e a s e d  t o  8-10 ( t h u s ,  t h e  f o u r t h  h e a t i n g  f u r n a c e ,  w i t h  
w a l k i n g  beams, o f  t h e  2000 m i l l  would c o n s i s t  o f  e i g h t  zones  
[ 4 4 ] ) .  T h i s  w i l l  p e r m i t  t h e  p r o p e r  h e a t i n g  o f  s m a l l  l o t s  o f  
s l a b s .  
5 .1 .3  C o n c l u s i o n s  
Comparing e l e c t r i c a l  and g a s  s l a b  h e a t i n g  w i t h  r e s p e c t  t o  
c a p i t a l  i n v e s t m e n t s ,  o p e r a t i n g  c o s t s  ( c h i e f l y  e l e c t r i c  and f u e l  
consumpt ion)  and m e t a l  l o s s e s  th rough  s c a l i n g  [ 2 ,  36 ,  9 7 1 ,  w e  f i n d  
t h a t  f o r  most  c a s e s  g a s  h e a t i n g  i s  more e f f e c t i v e .  T h i s  k i n d  o f  
e f f e c i e n c y  a n a l y s i s  d i s r e g a r d s  improved c o n t r o l l a b i l i t y  o f  
r o l l i n g  on t h e  HSM, and  t h e  p o s s i b i l i t i e s  f o r  o b t a i n i n g  t h e  
o p t i m a l  t e m p e r a t u r e / s p e e d  r e l a t i o n s  f o r  e a c h  s t r i p  s i z e  which 
can  b e  a c h i e v e d  w i t h  e l e c t r i c a l  h e a t i n g .  S i n c e  t h e  p r o c e s s i n g  
c o s t s  i n  t h e  rough ing  and f i n i s h i n g  t r a i n s  and i n  t h e  c o i l e r s  
exceed  t h e  o v e r a l l  c o s t s  o f  t h e  CCM and t h e  r e h e a t i n g  f u r n a c e s ,  
a n  i n c r e a s e d  o p e r a t i n g  r a t e  o f  t h e  HSM g r e a t l y  i n f l u e n c e s  t h e  
e f f i c i e n c y  o f  t h e  CCM-HSM complex. 
When e s t a b l i s h i n g  o p t i m a l  s l a b  s i z e s  f o r  t h e  newly c o n s t r u c t e d  
CCM-HSM, o p t i m a l  s l a b  t h i c k n e s s  f o r  a  g i v e n  w i d t h  s h o u l d  be  
c o n s i d e r e d ,  s o  a s  t o  d e t e r m i n e  s l a b  l e n g t h  ( f o r  a  g i v e n  s l a b  
w e i g h t )  and t h e  d e s i g n  ( i n  p a r t i c u l a r ,  t h e  w i d t h )  o f  t h e  re- 
h e a t i n g  f u r n a c e s .  The u s e  o f  t h i n n e r  and  l o n g e r  s l a b s  ( w i t h  t h e  
same w e i g h t )  would i n c r e a s e  t h e  c o s t  o f  a  s i n g l e  f u r n a c e  
( p r o b a b l y  a p p r o x i m a t e l y  i n  p r o p o r t i o n  t o  t h e  i n c r e a s e d  l e n g t h ) .  
But s i n c e  d e p r e c i a t i o n  o u t l a y s  f o r  f u r n a c e s  a r e  much lower  t h a n  
f u e l  c o s t s ,  and s i n c e  d e c r e a s i n g  s l a b  t h i c k n e s s  a l s o  d e c r e a s e s  
f u e l  consumpt ion ,  t h e  u s e  o f  t h i n n e r  and  l o n g e r  s l a b s  w i l l  n o t  
g r e a t l y  a f f e c t  t h e  economic i n d i c e s  o f  f u r n a c e  o p e r a t i o n .  
Thus,  f o r  a  2000 m i l l ,  c a l c u l a t i o n s  show t h a t  d e p r e c i a t i o n  o u t -  
l a y s  f o r  f u r n a c e s  a r e  0 .29  r o u b l e s / t o n  and f u e l  consumpt ion  i s  
1 .67  r o u b l e s / t o n  ( s u b t r a c t i n g  used  o u t g o i n g  h e a t )  ; d e c r e a s e  o f  
t h e  s l a b  t h i c k n e s s  by 1 mm r e d u c e s  f u e l  consumpt ion  by 0.425% 
and i n c r e a s e s  f u r n a c e  w i d t h  by 0 . 5 %  ( w i t h  t h e  same s l a b  w e i g h t ) .  
Using Formula ( 3 . 2 5 ) ,  it i s  e a s y  t o  see t h a t  r e d u c t i o n  o f  t h e  
s l a b  t h i c k n e s s  f rom 240 t o  1 8 0  mm, w i t h  a  p o s s i b l e  r e d u c t i o n  
( f o r  m i l l  s t a n d  l o a d s )  o f  s l a b  t e m p e r a t u r e  from 1220 t o  1 1 2 0 ' ~  
( f o r m u l a  3 . 7 ) ,  i n c r e a s e s  f u r n a c e  p r o d u c t i v i t y  by 22% w i t h  t h e  
same s l a b  l e n g t h  ( i . e . ,  by r e d u c i n g  i t s  w e i g h t ) .  With t h e  same 
w e i g h t  o r  w i t h  i n c r e a s e d  l e n g t h ,  t h e  r e d u c t i o n  o f  Tsl and  Hsl 
ment ioned  above i n c r e a s e s  f u r n a c e  p r o d u c t i v i t y  by 63%. Conse- 
q u e n t l y ,  a  g roup  o f  f i v e  r e h e a t i n g  f u r n a c e s ,  w i t h  a t o t a l  s i t e  
l e n g t h  of  135 m ,  c a n  b e  r e p l a c e d  by a g r o u p  o f  t h r e e  w i d e r  
f u r n a c e s  w i t h  a t o t a l  s i t e  l e n g t h  o f  82 m. Note t h a t  i n c r e a s e d  
s l a b  l e n g t h  a l s o  improves  t h e  t echn ica l - economic  i n d i c e s  o f  t h e  
CCM. 
Consequen t ly ,  t h i n n e r  and  l o n g e r  s l a b s  r e d u c e  p r o c e s s i n g  c o s t s  
i n  t h e  HSM, and  r e d u c e  c a p i t a l  i n v e s t m e n t s  i n  r e h e a t i n g  f u r n a c e s ,  
w i t h  a  r e l a t i v e l y  i n s i g n i f i c a n t  d e c r e a s e  o f  CCM p r o d u c t i v i t y .  
To r o l l  t h i c k  s t r i p s  a t  t h e  e x i s t i n g  HSM, l i g h t e r  s l a b s  s h o u l d  
b e  used .  T h i s  can  b e  a c h i e v e d  i f  w e  u s e  t h i n n e r  r a t h e r  t h a n  
s h o r t e r  s l a b s  whereve r  p o s s i b l e .  
5 .2  C o n t r o l  bv V a r v i n s  S t r i ~  R o l l i n a  C o n d i t i o n s  
A s  was ment ioned  above ,  t h e  b a s i c  problems t o  be  s o l v e d  i n  t h e  
h o t  r o l l i n g  o f  t h i n  s t r i p s  i n c l u d e  t h e  i n c r e a s e  i n  f i n i s h i n g  
r o l l i n g  t e m p e r a t u r e  o f  t h e  s t r i p  head  end  w i t h  i t s  s t a b i l i z a t i o n  
a l o n g  t h e  s t r i p  l e n g t h ,  u s i n g  i n t e n s i v e  a c c e l e r a t i o n  o f  t h e  m i l l .  
An a d d i t i o n a l  r e q u i r e m e n t  i s  t h e  r e d u c t i o n  o f  s t a n d  l o a d  v a r i a t i o n  
a l o n g  t h e  l e n g t h  o f  t h e  m e t a l  b e i n g  r o l l e d ,  which i s  d i c t a t e d  by 
good r o l l e d  s t r i p  s h a p e  and f l a t n e s s .  
T h i s  p a r t  o f  t h e  p a p e r  f o c u s e s  on r o l l i n g  t e c h n o l o g y  f o r  a  s o l u t i o n  
o f  t h e s e  problems.  One p o s s i b l e  s o l u t i o n  i s  r o l l i n g  t h e  s l a b  on  
t h e  rough ing  s t a n d s  w h i l e  s i m u l t a n e o u s l y  chang ing  t h e  r o l l  gaps  
i n  such  a  way t h a t  t h e  head end o f  t h e  roughed s l a b  w i l l  be 
t h i c k e r  t h a n  t h e  t a i l  end.  
On t h e  f i n i s h i n g  s t a n d s ,  a  roughed s l a b  w i t h  v a r y i n g  t h i c k n e s s  
d i s t r i b u t i o n  a l o n g  i t s  l e n g t h  s h o u l d  be  r o l l e d  s u c h  t h a t  t h e  
r e d u c t i o n  o f  t h e  head end i s  l a r g e r  t h a n  t h a t  o f  t h e  t a i l  end.  
T h i s  means t h a t  t h e  r o l l  p o s i t i o n  o f  e a c h  s t a n d  s h o u l d  b e  
c o n t i n u o u s l y  changed d u r i n g  r o l l i n g  ( e x c e p t  t h a t  o f  t h e  l a s t  
s t a n d ) .  The i n c r e a s e d  t h i c k n e s s  o f  t h e  head end r e s u l t s  i n  lower 
m e t a l  d e f o r m a t i o n  r e s i s t a n c e ,  which,  i n  s p i t e  o f  h e a v i e r  m e t a l  
r e d u c t i o n ,  c a u s e s  a l m o s t  c o n s t a n t  s t a n d  l o a d .  
Reduced t h i c k n e s s  o f  t h e  roughed s l a b  toward i t s  t a i l  end r e s u l t s  
i n  g r e a t  h e a t  losses and a n  i n c r e a s e d  t e m p e r a t u r e  d r o p  a l o n g  t h e  
e n t i r e  m e t a l  l e n g t h  e n t e r i n g  t h e  f i n i s h i n g  s t a n d s .  The l a t t e r  
may be compensated by g r e a t e r  a c c e l e r a t i o n  o f  t h e  m i l l ,  g i v i n g  
h i g h e r  m i l l  p r o d u c t i v i t y .  
E x c e s s i v e  t o t a l  r e d u c t i o n  i n  t h e  f i n i s h i n g  s t a n d s  o f  t h e  t h i c k e r  
m e t a l  head was d i s t r i b u t e d  among t h e  s t a n d s  a c c o r d i n g  t o  t h e  
p r o c e d u r e  d e s c r i b e d  above ( fo rmulae  5 .2 -5 .4 ) .  
T a b l e  5 .5  shows t h e  d i s t r i b u t i o n  o f  metal t h i c k n e s s  on t h e  e n t r y  
s i d e  o f  t h e  s t a n d s  f o r  v a r i a b l e  roughed-s lab  t h i c k n e s s ;  i n  t h e  
denominator  t h e  v a l u e s  o f  t h e  t a i l  end t h i c k n e s s  a r e  g i v e n  ( i n  
terms o f  e x i s t i n g  p r a c t i c e )  . 
T a b l e  5 .6  shows t h e  r e s u l t s  o b t a i n e d  from computing t h e  f i n i s h i n g  
s t a n d  l o a d s  and s p e e d  c o n d i t i o n s  f o r  a  H S M  2000 r o l l i n g  s t r i p  
1 . 5  x  1250 mrn w i t h  t h e  e x i s t i n g  t echno logy  ( roughed-s l ab  t h i c k -  
n e s s  e n t e r i n g  t h e  f i n i s h i n g  s t a n d s ,  27 rnm) and w i t h  t h e  t e c h n o l -  
ogy proposed above .  
I n  s i m u l a t i o n  it  was assumed t h a t  t h i c k n e s s  changes  l i n e a r l y  
a l o n g  t h e  roughed-s lab  l e n g t h .  A s  t h e  c a l c u l a t i o n  showed, t o  
T a b l e  5 .5 .  T h i c k n e s s  o f  t h e  head ( n u m e r a t o r )  
and t h e  t a i l  ( denomina to r )  e n d s  o f  
t h e  m e t a l  i n  t h e  f i n i s h i n g  s t a n d s  
( s t r i p  1 . 5  x 1250 m) . 
Stands Number VI VII VIII M X XI XI1 
4 0 . 0 0  1 9 . 0 0  9. 00 5 . 2 0  3. 35 2 .26  1 .75  
Thickness ,  m m  - 
27. 00  1 8 . 5 0  6. 8 0  4 . 2 0  2. 90 2 . 1 0  1. 70 
T a b l e  5 .6 .  F i n i s h i n g  s t a n d  l o a d  d u r i n g  r o l l i n g  
of  t h e  t a i l  end  ( n u m e r a t o r )  and t h e  
f r o n t  end (denomina to r )  o f  t h e  m e t a l .  
F i n i s h i n g  r o l l i n g  t e m p e r a t u r e  f o r  
t h e  e x i s t i n g  ( v e r s i o n  I )  and p roposed  
( v e r s i o n  11) r o l l i n g  t e c h n o l o g y .  
( H S M  2000,  s t r i p  1 . 5  x  1250 mm, 
l e n g t h  1500 m ,  t h r e a d i n g  speed  
1 0 . 5  m/sec). 
Stand Number and Stand Load, Tons 
Version VI V I1 VIII IX X XI XI1 
s t a b i l i z e  t h e  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  a l o n g  t h e  s t r i p  t h i c k -  
n e s s ,  t h e  a c c e l e r a t i o n  s h o u l d  be  i n c r e a s e d  from 0 . 0 2 2  t o  0.06 m/ 
2 
sec . With a  s l a b  w e i g h t  o f  25 t o n s ,  p a u s e s  between s t r i p s  o f  
1 0  sec, and  a  t h r e a d i n g  speed  o f  10 .5  m / s e c ,  t h e  p roposed  t e c h -  
nology would i n c r e a s e  m i l l  p r o d u c t i v i t y  by more t h a n  1 5 % .  
A s  c a n  be  s e e n  from T a b l e  5 .6 ,  i n  r o l l i n g  t h i n  s t r i p s  f rom 
roughed s l a b s  w i t h  t h e  t h i c k n e s s  i n c r e a s i n g  u n i f o r m l y  towards  
t h e  head  e n d ,  t h e  s t a n d  l o a d  v a r i a t i o n  a l o n g  t h e  m e t a l  l e n g t h  i s  
d e c r e a s e d ;  depend ing  on t h e  s p e c i f i c  v a l u e s  o f  t h e  head  end t h i c k -  
n e s s ,  t h e  r a t e  o f  i n c r e a s e  o f  t h e  l a s t  s t a n d  l o a d  towards  t h e  
s t r i p  t a i l  end  c a n  be  reduced .  
I n s t e a d  o f  a  l i n e a r  change  o f  t h e  roughed- s l ab  t h i c k n e s s  a l o n g  
i t s  l e n g t h ,  o n l y  t h e  head  end  c o u l d  be made t h i c k e r  t o  o b t a i n  t h e  
h i g h e r  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  o f  t h i s  end  ( F i g .  5.12 A ) .  
The m e t a l  volume o f  t h i s  t h i c k e r  p a r t  i s  s e l e c t e d  t o  b e  e q u a l  t o  
t h a t  o f  t h e  s t r i p  b e i n g  r o l l e d  and  t o  have  t h e  same l e n g t h  a s  t h e  
d i s t a n c e  between t h e  m i l l  and t h e  c o i l e r .  The i n c r e a s e d  t h i c k -  
n e s s  i s  s e l e c t e d  t o  s a t i s f y  t h e  c o n s t r a i n t s  o f  t h e  s t a n d  l o a d  and  
t h e  main d r i v e  t o r q u e .  
I n  t h e  above example,  c a l c u l a t i o n  h a s  shown t h a t  t h e  t h i c k n e s s  
c a n  b e  i n c r e a s e d  up t o  40 mm; t h e  i n c r e a s e  o f  t h e  f i n i s h i n g  
r o l l i n g  t e m p e r a t u r e  o f  t h e  head end  o f  t h e  s t r i p  i s  t h e n  e q u a l  t o  
3 0 ' ~ .  
A f t e r  t h e  s t r i p  e n t e r s  t h e  c o i l e r ,  t h e  m i l l  i s  r a p i d l y  a c c e l e r a t e d  
( F i g .  5 .12 B) i n  o r d e r  t o  keep  t h e  o v e r a l l  f i n i s h i n g  r o l l i n g  
t e m p e r a t u r e  a t  t h e  same l e v e l  a s  t h a t  o f  t h e  head end  ( w i t h o u t  
a c c e l e r a t i o n  t h i s  t e m p e r a t u r e  would d r o p  due  t o  t h e  r o l l i n g  o f  
t h e  t h i n  p o r t i o n  of  t h e  roughed s l a b ) .  
The m e t a l  r e d u c t i o n  d i s t r i b u t i o n  between s t a n d s ,  when r o l l i n g  
t h i c k n e s s e s  o f  40 and  27  mrn, h a s  been d e t e r m i n e d  by u s i n g  fo rmulae  
( 5 . 2 - 5 . 4 ) .  I t  was assumed t h a t ,  when t h i n n e r  metal e n t e r s  t h e  
f i n i s h i n g  s t a n d s ,  t h e  r o l l  s e t t i n g  o f  t h e s e  s t a n d s  i s  per formed 
a u t o m a t i c a l l y .  S i n c e  t h e  p roposed  method o f  a  s t e p w i s e  r e s e t t i n g  
o f  t h e  f i n i s h i n g  s t a n d s ,  t h e  i n f l u e n c e  o f  t h e  m e t a l  r e d u c t i o n  
d i s t r i b u t i o n  o n  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  was i n v e s t i g a t e d ,  
u s i n g  t h e  m a t h e m a t i c a l  model o f  t h e  1700 HSM. R e s u l t s  o f  t h e  
s i m u l a t e d  r o l l i n g  o f  a  s t r i p  1 . 5  mm t h i c k  and  1050 mm wide ,  w i t h  
t h r e a d i n g  s p e e d s  o f  7.42 m/sec, 8 . 5  m / s e c  and 1 0 . 0  m/sec, a r e  
g i v e n  i n  T a b l e s  5 .7  and  5 .8 .  
The f i g u r e s  i n  t h e  second  row o f  T a b l e  5 . 7  and  t h e  t h i r d  row o f  
T a b l e  5.8 r e p r e s e n t  a  r e d u c t i o n  d i s t r i b u t i o n  r e g u l a r l y  used  by 
t h e  m i l l ;  t h e  r e m a i n d e r  show d i f f e r e n t  d i s t r i b u t i o n s  c a l c u l a t e d  
t a k i n g  i n t o  a c c o u n t  s t a n d  l o a d  and main d r i v e  t o r q u e  l i m i t a t i o n s .  
F i g u r e s  5 . 1 3  and  5.14 g r a p h i c a l l y  r e f l e c t  t h e  v a l u e s  o f  T a b l e s  
5.7 and  5 . 8 .  
A s  c a n  be  s e e n  from t h e s e  g r a p h s ,  t h e  v a r y i n g  m e t a l  r e d u c t i o n  
d i s t r i b u t i o n  h a s  a  s i g n i f i c a n t  i n f l u e n c e  on  t h e  f i n i s h i n g  r o l l i n g  
t e m p e r a t u r e  o f  t h e  s t r i p  head  end ( f o r  a s t r i p  3 .0  x 1050 mm, it 
i s  a b o u t  7 0 ' ~ ~  and  f o r  a  s t r i p  1 . 8  x 1050 mm, 5 0 - 6 0 ' ~ ) .  The 
r e s u l t s  show t h a t  t h e  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  may be  i n -  
c r e a s e d  and s t a b i l i z e d  a l o n g  t h e  s t r i p  l e n g t h  by: 
- I n c r e a s i n g  m e t a l  r e d u c t i o n  i n  t h e  l a s t  f i n i s h i n g  s t a n d s ,  w i t h  
a c o r r e s p o n d i n g  r e d u c t i o n  i n  t h e  f i r s t  s t a n d s  when r o l l i n g  t h e  
head  end  o f  t h e  metal, u n t i l  t h e  s t r i p  i s  t h r e a d e d  i n  t h e  c o i l e r ;  
a f t e r  t h a t ,  t h e  r e d u c t i o n  d i s t r i b u t i o n  s h o u l d  b e  r e v e r s e d  i n  
o r d e r  t o  i n c r e a s e  t h e  m e t a l  h e a t  l o s s e s  and  a t t a i n  a  h i g h e r  
a c c e l e r a t i o n  r a t e ;  
- Combining t h e  above ment ioned  method o f  m e t a l  r e d u c t i o n  re- 
d i s t r i b u t i o n  w i t h  r o l l i n g  o f  t h e  roughed s l a b  h a v i n g  v a r i a b l e  
t h i c k n e s s e s  a l o n g  i t s  l e n g t h .  
The p roposed  methods o f  improving  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  
a l o n g  t h e  s t r i p  l e n g t h  r e q u i r e  c o n t i n u o u s  r e s e t t i n g  o f  t h e  s t a n d  
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screw downs; t h i s ,  i n  t u r n ,  r e q u i r e s  r e s e t t i n g  o f  t h e  main d r i v e  
speed r e g u l a t o r  t o  match t h e  me ta l  e l o n g a t i o n  changes i n  t h e  
s t a n d s .  Thus t h e s e  changes should  be made by au tomat ic  feed-  
forward c o n t r o l  sys tems ,  which c a l c u l a t e  r o l l i n g  speed changes 
i n  t h e  s t a n d s  caused by screw-down p o s i t i o n  changes.  
Although t h e  i n c r e a s e  i n  meta l  h e a t  c o n t e n t  of t h e  s t r i p  head 
end,  due t o  i n c r e a s i n g  t h e  meta l  r e d u c t i o n  i n  t h e  l a s t  s t a n d s ,  
r educes  t h e  load  i n c r e a s e  i n  t h e s e  s t a n d s ,  t h e r e  a r e  s t i l l  
v a r i a t i o n s  of  t h e  s t r i p .  To avo id  t h e s e  v a r i a t i o n s ,  t h e  hydrau- 
l i c  r o l l  bending systems shou ld  be reset i n  accordance  w i t h  t h e  
s t a n d  l o a d  v a r i a t i o n .  
5 . 3  I n duc t i on  H e a t i n s  o f  Metal E n t e r i n a  t h e  F i n i s h i n a  S t ands  
Because of  t h e  h igh  m e t a l  t empera tu re  d rop ,  t h e  smoothing capa- 
b i l i t y  of  t h e  f i n i s h i n g  t r a i n ,  and t h e  l a r g e  h e a t  losses when 
r o l l i n g  t h i n  s t r i p s ,  t h e  measures d e s c r i b e d  above can prove r a t h e r  
i n e f f e c t i v e  f o r  o b t a i n i n g  t h e  d e s i r e d  l e v e l  of  T f d  ( 8 5 0 - 9 0 0 ' ~  f o r  
s t r i p s  t h i n n e r  t h a n  1 . 8  mm). 
One e f f e c t i v e  means f o r  i n c r e a s i n g  t h e  meta l  t empera tu re  i s  
i n d u c t i o n  h e a t i n g .  To s t u d y  t h e  f e a s i b l . i l i t y  of i n d u c t i o n  h e a t i n g ,  
c a l c u l a t i o n s  were made f o r  s e r i a l l y  p o s i t i o n e d  i n d u c t o r s  l o c a t e d  
on t h e  i n t e r m e d i a t e  r o l l  t a b l e  where s w i t ch ing  i s  done s imu l t a -  
neously  w i t h  meta l  motion. ( T o t a l  l e n g t h  of  t h e  i n d u c t o r s  i s  
assumed t o  be 90 m; t h e  meta l  moves a long  t h e  i n t e r m e d i a t e  r o l l  
t a b l e  f o r  40 sec.) C a l c u l a t i o n  r e s u l t s  a r e  g iven  i n  Tab le  5.9.  
The t empera tu re  i s  t o  be  i n c r e a s e d  on ly  f o r  a p o r t i o n  of  t h e  
meta l  which, a f t e r  t h e  s t r i p  l e a v e s  t h e  m i l l ,  has  a  l e n g t h  e q u a l  
t o  t h e  d i s t a n c e  from t h e  m i l l  t o  t h e  c o i l e r .  (The re fo r e ,  f o r  a  
roughed-slab t h i c k n e s s  of 40 rnm, t h e  l e n g t h  i s  assumed t o  be 
8250 mm, and f o r  50 mm, 6600 m m ) .  
The t h i c k e r  p a r t  of t h e  meta l  l e a v i n g  t h e  roughing t r a i n  i s  h o t t e r  
and l o s e s  less  h e a t  w h i l e  on t h e  i n t e r m e d i a t e  r o l l  t a b l e .  There- 
T a b l e  5 . 9 .  I n c r e a s e  o f  roughed-s l ab  t e m p e r a t u r e  
by i n d u c t i o n  h e a t i n g .  
i 
Heated Metal 
Portion Dimensions, 
m m  
4 0  x 1250 x 8250 
5 0  x 1250 x 6600 
Output 
Temperature 
at  the Roughing 
Train,  OC 
1120 
1150 
Unit 
Power,  
kW 
10000 
6700 
I 
Temperature at the Finish- 
ing Train Entry,  OC 
Mean Surface Center  Mass  
1317 1 2 4 3  1280 
1288 1220 12  54 
f o r e ,  t h e  per formance  i n  t e r m s  o f  t e m p e r a t u r e  v a r i a t i o n  a l o n g  
t h e  l e n g t h  is b e t t e r  f o r  metal hav ing  a  t h i c k n e s s  o f  50 mrn t h a n  
one o f  40 mm. 
I n d u c t i o n  h e a t i n g  s h o u l d  compensate f o r  t h e  n a t u r a l  c o o l i n g  o f  
t h e  m e t a l  on t h e  i n t e r m e d i a t e  t a b l e  and  i n  t h e  f i n i s h i n g  t r a i n  
by a  s l i g h t  t e m p e r a t u r e  i n c r e a s e  o f  t h e  metal t a i l  end.  F i g u r e  
5.15 r e p r e s e n t s  a c a l c u l a t e d  roughed-s l ab  t e m p e r a t u r e  d i s t r i b u t i o n  
a l o n g  i t s  l e n g t h  f o r  t h e  c a s e  of  1 .5  mrn s t r i p  r o l l i n g .  
To d e c r e a s e  t h e  h e a t  l o s s e s  o f  t h e  f r o n t  p a r t  o f  t h e  m e t a l ,  t h e  
r o l l i n g  of t h i s  p a r t  i s  s t a r t e d  a t  f u l l  speed  ( a s  shown i n  F i g u r e  
5.15 A) and s lowed down when t h e  head end o f  t h e  s t r i p  l e a v e s  t h e  
m i l l .  F o r  t h i s  speed  p a t t e r n  t h e  t e m p e r a t u r e  o f  t h e  f r o n t  end  
o f  t h e  roughed s l a b  s h o u l d  be  b r o u g h t  by i n d u c t i o n  h e a t i n g  t o  
1 0 5 0 ' ~ ~  and t h e n ,  w i t h  t h e  r o l l i n g  speed  s lowing  down, r i se  t o  
1 1 5 0 ' ~ .  With m i l l  a c c e l e r a t i o n ,  t h e  roughed-s l ab  t e m p e r a t u r e  
shou ld  i n c r e a s e  u n t i l  t h e  m i l l  t o p  speed  i s  r eached .  C a l c u l a t i o n s  
show t h a t ,  f o r  a  s t r i p  1 . 5  mm t h i c k ,  t h e  m e t a l  t e m p e r a t u r e  o f  t h e  
roughed s l a b  a t  t h e  e n t r y  o f  t h e  f i n i s h i n g  t r a i n  s h o u l d  b e  a b o u t  
9 0 0 ' ~  ( f o r  a  t h i c k n e s s  o f  40 rnm) .  The p r a c t i c a l  p o s s i b i l i t y  o f  
hav ing  s u c h  low s l a b  h e a t i n g  t e m p e r a t u r e  depends on t h e  c a p a b i l i t y  
o f  s t a n d s  and t h e i r  main d r i v e s .  
F o r  m e t a l  e n t e r i n g  t h e  f i n i s h i n g  t r a i n  t o  r e a c h  9 0 0 ' ~ ~  t h e  s l a b  
h e a t i n g  t e m p e r a t u r e  s h o u l d  be reduced  by 1 0 0 - 1 5 0 ' ~ .  T h i s  s a v e s  
f u e l  and m e t a l  l o s s e s  t h r o u g h  s c a l i n g .  I n  a d d i t i o n ,  a  d e c r e a s e  
o f  t h e  s l a b  h e a t i n g  t e m p e r a t u r e  g r e a t l y  i n c r e a s e s  f u r n a c e  c a p a c i t y  
When r o l l i n g  t h i c k  s t r i p s  o f  6.0-16.0 rnrn, a n  i m p o r t a n t  d i s t u r b a n c e  
i s  t h e  non-un i fo rmi ty  o f  t e m p e r a t u r e  a l o n g  t h e i r  l e n g t h s .  T h i s  
i s  caused  by m e t a l  t e m p e r a t u r e  r e d u c t i o n  i n  t h o s e  p a r t s  o f  t h e  
m e t a l  i n  c o n t a c t  w i t h  t h e  s k i d  r a i l s  o f  t h e  f u r n a c e s .  The t h i c k e r  
t h e  s t r i p ,  t h e  less t h e  t e m p e r a t u r e  smoothing a b i l i t y  o f  t h e  m i l l  
[ I 7 1  and t h e  g r e a t e r  t h i s  non-un i fo rmi ty .  To d i m i n i s h  t h i s  e f f e c t  
o f  t h e  s k i d  r a i l s ,  t h e  h e a t i n g  f u r n a c e s  a r e  p l a c e d  askew [ 6 8 ] .  
N e v e r t h e l e s s ,  w i t h  r o l l i n g  d e l a y s  o r u n d u l y h i g h  speed o f  m i l l  
o p e r a t i o n ,  t h e  i n f l u e n c e  o f  s k i d  r a i l s  on t h e  f i n i s h i n g  r o l l i n g  
t e m p e r a t u r e  c a n  be a s  h i g h  a s  40 o r  4 5 ' ~ ~  c a u s i n g  non-uniformity 
of  m e t a l  p r o p e r t i e s  a l o n g  t h e  s t r i p  l e n g t h  which can  be o u t s i d e  
t h e  range  o f  t o l e r a n c e  [361. T h i s  i s  e s p e c i a l l y  i m p o r t a n t  f o r  
t u b e  manufac tu re ,  s h i p - c o n s t r u c t i o n  and o t h e r  s tee l  u s e s .  
Tab le  5.10 g i v e s  c a l c u l a t e d  d a t a  on i n c r e a s i n g  2000 HSM pro-  
d u c t i v i t y  by warming roughed s l a b s  a l o n g  t h e i r  l e n g t h s  by i n -  
d u c t i o n  h e a t i n g .  A s  can  be  s e e n  from t h i s  t a b l e ,  e f f i c i e n c y  i s  
i n c r e a s e d  w i t h  d e c r e a s i n g  s t r i p  t h i c k n e s s .  
I t  f o l l o w s ,  t h e n ,  t h a t  i n d u c t i o n  h e a t i n g  o f  t h e  roughed s l a b  i s  
a  t e c h n o l o g i c a l l y  and economical ly  e f f e c t i v e  means f o r  i n c r e a s i n g  
t h e  r o l l i n g  speed and s t a b i l i t y  o f  t h i n  s t r i p  t e m p e r a t u r e .  An 
e n g i n e e r i n g  s o l u t i o n  i s  t h e  combinat ion o f  i n d u c t i o n  h e a t i n g  w i t h  
i n c r e a s e d  t h i c k n e s s  of  t h e  roughed s l a b s ,  and v a r i a b l e  r e d i s t r i -  
b u t i o n  of  t h e  m e t a l  r e d u c t i o n  between f i n i s h i n g  s t a n d s  d u r i n g  
s t r i p  r o l l i n g .  
5.4 I n t e r - S t a n d  Forced S t r i p  Cool ing  
5 .4 .1  Problem S ta tement  
Once t h e  s t r i p  i s  t h r e a d e d  i n t o  t h e  c o i l e r ,  t h e  m i l l  i s  a c c e l e r -  
a t e d  t o  i n c r e a s e  and s t a b i l i z e  t h e  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  
a l o n g  t h e  s t r i p  l e n g t h .  However, t h e  a c c e l e r a t i o n  needed f o r  
2  t h a t  puprose  p roves  t o  be  ve ry  s m a l l  (0.005-0.08 m/sec ) ;  a s  a  
r e s u l t ,  t h e  average  r o l l i n g  speed is c o n s i d e r a b l y  below t h e  m i l l  
c a p a c i t y .  
2  I n c r e a s e d  a c c e l e r a t i o n  (up t o  0 . 5  m/sec ) l e a d s  t o  c o n s i d e r a b l e  
non-uni formi ty  i n  t e m p e r a t u r e  d i s t r i b u t i o n  a l o n g  t h e  s t r i p  
l e n g t h  [ I  571 , t h e  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  of t h e  t a i l  end 
is  a t  l e a s t  8 0 - 1 0 0 ~ ~  h i g h e r  t h a n  t h a t  o f  t h e  f r o n t  end. T h i s  
t e m p e r a t u r e  d i f f e r e n c e  i s  much above t h e  a l l o w a b l e  + 1 0 - 1 2 ~ ~ .  
Tab le  5.10. C a l c u l a t e d  m i l l  p r o d u c t i v i t y  i n c r e a s e  
by  u s e  of  i n d u c t i o n  h e a t i n g  ( s l a b  
we igh t  25 t o n s ,  maximal a c c e l e r a t i o n  
L 0 . 5  m/sec , p a u s e s  between s t r i p s  
10 s e c ) .  
Dimensions 
Threading 
Speed, m / s e c  
Productivity 
Increase,  O/o 
1 . 2  x 1 2 5 0  
1 0  
5 9 . 2  
1 . 5  x 1 2 5 0  
1 0  
53 .  3 
2.  0  x 1 2 5 0  
9 
44.4 
r 
To overcome t h e  c o n f l i c t  i n  t h e  r e q u i r e m e n t s  f o r  s t a b i l i t y  o f  
t e m p e r a t u r e  a l o n g  t h e  s t r i p  l e n g t h  and  m i l l  p r o d u c t i v i t y ,  f o r c e d  
i n t e r - s t a n d  w a t e r  c o o l i n g  i s  used  i n  c o m b i n a t i o n  w i t h  i n c r e a s e d  
a c c e l e r a t i o n  o f  t h e  m i l l  [ 7 0 ] .  
5 . 4 . 2  Ma thema t i ca l  Model o f  S t r i p  I n t e r - S t a n d  C o o l i n g  by Water  
S p r a y i n g  
A n a l y s i s  o f  m a t h e m a t i c a l  models  o f  r o l l e d  m e t a l  t e m p e r a t u r e  
[ 5 5 ,  75 ,  1601  l e a d s  t o  e x p r e s s i o n s  which a r e  t h e  c o r e  of  t h e  model 
p r o p o s e d .  The t e m p e r a t u r e  v a r i a t i o n  a l o n g  t h e  s t r i p  l e n g t h  i n  
t h e  i - t h  i n t e r - s t a n d  a r e a  c a n  b e  e x p r e s s e d  a s  f o l l o w s :  
where 
T' i ,T i lTa i l  T~~ = s t r i p  t e m p e r a t u r e  a t  t h e  i n p u t  and o u t p u t  
o f  t h e  i - t h  s t a n d ,  and a t  t h e  i n p u t  and 
o u t p u t  of  t h e  f o r c e d  c o o l i n g  zone ,  r e s p e c -  
t i v e l y  ( O C )  ; 
= t e m p e r a t u r e  of  t h e  c o o l i n g  w a t e r  and 
a v e r a g e  t e m p e r a t u r e  o f  t h e  r o l l s  o f  t h e  
i - t h  s t a n d ,  r e s p e c t i v e l y  ( O C )  ; 
= t h e r m a l  c o e f f i c i e n t s  o f  m e t a l  o v e r  appro-  
p r i a t e  p a r t s  o f  t h e  i n t e r - s t a n d  a r e a  
(Oc/hour O K ) ;  
L a i l L e i l L d i  
= d i s t a n c e  from t h e  i - t h  s t a n d  t o  t h e  i n p u t  
and  t h e  o u t p u t  o f  t h e  c o o l i n g  a r e a ,  and  
l e n g t h  o f  t h e  i n t e r - s t a n d  a r e a ,  r e s p e c t i v e -  I 
l y  ( m )  ; 
S ( v )  = hivi = r e l a t i v e  ( p e r  u n i t  s t r i p  w i d t h )  m e t a l  f l o w  ~ 
w i t h i n  t h e  s t a n d  (mm x m / s ) ;  
= s t r i p t h i c k n e s s  (mm) and m e t a l  l i n e a r  s p e e d  
a t  t h e  o u t p u t  o f  t h e  i - t h  s t a n d  (m/sec) , 
r e s p e c t i v e l y ;  
3 
= d e n s i t y  (kg/m ) and h e a t  consumption 
c a p a c i t y  of  t h e  m e t a l  ( k c a l / k g o c )  , r e s p e c -  
t i v e l y  ; 
= c o e f f i c i e n t  o f  mass; 
= s t r i p - t o - w a t e r  h e a t  t r a n s f e r  c o e f f i c i e n t  
2 (kcal /m , h o u r O c ) ;  
= l e n g t h  ( m )  ; 
Kli - K 3 i  = c o e f f i c i e n t s  which depend on t h e  s t r i p  
r e d u c t i o n  c o n d i t i o n s  and  t h e  s tee l  g r a d e ;  
'i = m e t a l  r e s i s t a n c e  t o  d e f o r m a t i o n  a t  s p e c i f i c  2 t e m p e r a t u r e  and  speed  c o n d i t i o n s  (kg/mm ) ;  
2 
" K i  = r e s i d u a l  s t r a i n  m e t a l  h a r d e n i n g  (kg/mm ) .  
The p a r a m e t e r s  o f  t h e  model (5 .6 )  w e r e  upda ted  from t h e  e x p e r i -  
m e n t a l  d a t a  [1481,  and  good ag reemen t  o f  c a l c u l a t e d  and  e x p e r i -  
m e n t a l  d a t a  was o b t a i n e d .  A n a l y s i s  o f  t h e  d a t a  r e p o r t e d  i n  [41 ,  
7 7 1  and t h o s e  o b t a i n e d  by e x p e r i m e n t s  h a s  l e d  t o  c h a r a c t e r i s t i c s  
which a r e  approx ima ted  by t h e  r e l a t i o n s  [41 ,  7 7 1 :  
i n  a r e a  
i n  a r e a  
where Cm i s  a  s p e c i f i c  w a t e r  f low.  
F i g u r e  5.16 shows T f d  v a r i a t i o n s  a l o n g  t h e  l e n g t h  o f  s t r i p s  o f  
d i f f e r e n t  w i d t h s ;  t h e  c u r v e s  w e r e  o b t a i n e d  i n  t h e  e x p e r i m e n t s  
and  w i t h  t h e  m a t h e m a t i c a l  model ( 5 . 6 ) .  
5 . 4 . 3  A Mathemat i ca l  Model o f  t h e  S t r i p  Coo l ing  I n s t a l l a t i o n  
A m a t h e m a t i c a l  model f o r  c o n t r o l  o f  t h e  c o o l i n g  u n i t s  s h o u l d  
s u p p l y  t h e  c o n t r o l  s y s t e m  w i t h  r e a l - t i m e  v a l u e s  o f  h e a t  t r a n s f e r  
c o e f f i c i e n t s  needed  t o  s t a b i l i z e  Tfd a l o n g  t h e  s t r i p  l e n g t h  w i t h  
a  g i v e n  speed  p a t t e r n .  (Th in  s t r i p  p a t t e r n s  w i l l  n o t  be  t r e a t e d . )  
v a r i a b l e s  which i n f l u e n c e  t h e  m e t a l  t e m p e r a t u r e  d u r i n g  r o l l i n g  
i n  t h e  f i n i s h i n g  s t a n d s  can  b e  c l a s s i f i e d  i n t o  t h r e e  b a s i c  g roups :  
1) I n p u t  u n c o n t r o l l e d  v a r i a b l e s ,  such  a s  roughed-s lab  t e m p e r a t u r e  
T a t  t h e  e n t r y  t o  f i n i s h i n g  t r a i n ,  t h r e a d i n g  speed  Vb,  a c c e l -  
P  
e r a t i o n  a ,  maximal r o l l i n g  speed  Vmax, s t r i p  t h i c k n e s s  h;  
2 )  A c o n t r o l l e d  i n p u t  v a r i a b l e ,  i . e . ,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  
a*; 
3 )  An o u t p u t  v a r i a b l e ,  i . e . ,  t h e  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  T f d  ' 
To o p t i m i z e  t e m p e r a t u r e  c o n d i t i o n s  th rough  t h e  u s e  o f  f o r c e d  
i n t e r - s t a n d  c o o l i n g ,  t h e  method o f  l o o k i n g  up a l l  p o s s i b l e  v e r s i o n s  
i n  t h e  ma themat ica l  model was used .  
C a l c u l a t i o n s  o f  o p t i m a l  t r a n s f e r  c o e f f i c i e n t s  f o r  s t a b i l i z i n g  
T f d  a l o n g  t h e  s t r i p  l e n g t h  [ 1 3 , 2 0 1  l e a d  t o  c e r t a i n  c o n c l u s i o n s :  
- When s t r i p s  a r e  r o l l e d  a t  a  h i g h  a c c e l e r a t i o n  r a t e  ( F i g u r e  
5.17 A ) ,  t h e  c u r v e  o f  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  a s  a  f u n c t i o n  
o f  t h e  s t r i p  l e n g t h  h a s  t h e  same shape  a s  t h a t  o f  t h e  f i n i s h i n g  
r o l l i n g  t e m p e r a t u r e  T f d  ( c a l c u l a t e d  f o r  r o l l i n g  w i t h o u t  f o r c e d  
r o l l i n g )  ; 
- Forced c o o l i n g  s h o u l d  s t a r t  when t h e  f i n i s h i n g  r o l l i n g  tempera- 
t u r e  exceeds  t h e  r e q u i r e d  l e v e l ;  
- The r a t e  o f  i n c r e a s e  o f  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  a l o n g  t h e  
s t r i p  l e n g t h  when a c c e l e r a t i n g ,  x = t g p  ( F i g u r e  5 . 1 8 ) ,  i s  pro-  
p o r t i o n a l  t o  t h e  a c c e l e r a t i o n  r a t e ;  
- When r o l l i n g  speed  r e a c h e s  i t s  maximal nominal r a t e ,  t h e  v a l u e  
o f  t h e  r e q u i r e d  h e a t  t r a n s f e r  c o e f f i c i e n t  d i m i n i s h e s  somewhat 
a l o n g  t h e  s t r i p  l e n g t h ;  t h i s  i s  e q u i v i a l e n t  t o  t h e  d e c r e a s e  of  
T f d  when r o l l i n g  a t  a  c o n s t a n t  speed.  
I n  t h e  l i g h t  of  t h e s e  f a c t o r s ,  t h e  mathemat ica l  model used  t o  
c a l c u l a t e  t h e  i n t e r - s t a n d  meta l  c o o l i n g  s e t - p o i n t  may t h e n  be 
r e p r e s e n t e d  by a n  e q u a t i o n  de te rmin ing  t h e  v a r i a t i o n  o f  t h e  re- 
q u i r e d  h e a t  t r a n s f e r  c o e f f i c i e n t  a l o n g  t h e  s t r i p  l e n g t h  f o r  
r o l l i n g  w i t h  a c c e l e r a t i o n  
where as i s  t h e  c a l c u l a t e d  a c c e l e r a t i o n  v a l u e  which i n s u r e s  
7 
c o n s t a n t  T f d  a l o n g  t h e  s t r i p  l e n g t h  w i t h o u t  f o r c e d  c o o l i n g ,  m/secL; 
K ~ v  i s  a  c o e f f i c i e n t  which depends on t h e  t h r e a d i n g  speed V t h e  b '  
roughed s l a b  t e m p e r a t u r e  T and s t r i p  t h i c k n e s s  h ;  K 1  i s  a  
P  
c o e f f i c i e n t  which depends on t h e  l e n g t h  o f  t h e  f o r c e d  c o o l i n g  
a r e a  lfr i n  e a c h  i n t e r - s t a n d  a r e a  K 1  = 2 / l f r .  
Computations u s i n g  t h e  model ( 5 . 6 )  f o r  s t r i p s  1.5-5.0 mm t h i c k  and 
r o l l i n g  speed  changes from 6.0-11.0 m/sec t o  16 n / s e c ,  w i t h  a n  
a c c e l e r a t i o n  of  up t o  0 .5  m/sec2 and a  roughed-s lab  t e m p e r a t u r e  
r ang ing  from 1000 t o  1 1 0 0 ~ ~ ~  show t h a t  t h e  c o e f f i c i e n t  KTv can be  
r e p r e s e n t e d  i n  t h e  form 
u 
The va-lues o f  t h e  c o e f f i c i e n t s  o f  ad jus tment .  K O ,  o f  speed K v ,  
and of  t e m p e r a t u r e ,  K 
t p  ' 
w e r e  found t o  be a  f u n c t i o n  o f  t h e  s t r i p  
t h i c k n e s s  h .  The f u n c t i o n w a s a p p r o x i m a t e d  by u s i n g  t h e  method o f  
l e a s t  s q u a r e s  s e p a r a t e l y  f o r  t h e  r a n g e s  1.5-2.0 mm and 2.0-5.0 mm. 
For  t h e  s t r i p  1.5-2.0 mm t h i c k ,  
and f o r  t h e  s t r i p  2 .0-5.0  mrn t h i c k ,  
The a p p r o x i m a t i o n  e r r o r  f o r  t h e  f u n c t i o n s  (5 .11)  and  (5 .12 )  i s  
below 2 .2%.  
Once t h e  maximal r o l l i n g  speed  i s  a c h i e v e d ,  t h e  s t r i p  
f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  r e d u c e s  somewhat, and con- 
s e q u e n t l y  t h e  r e q u i r e d  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  a l s o  
somewhat r e d u c e d .  The r a t e  a t  which a* r e d u c e s  a l o n g  t h e  
s t r i p  l e n g t h  was shown t o  he  a l m o s t  i n d e p e n d e n t  o f  t h e  
s p e e d  and  p r a c t i c a l l y  t o t a l l y  dependen t  on  t h e  t h i c k n e s s  
o f  t h e  s t r i p :  
Approximat ion o f  t h e  s t r i p  t h i c k n e s s  f u n c t i o n  f ( h )  by u s i n g  t h e  
method o f  l e a s t  s q u a r e s  g i v e s :  f o r  s t r i p s  1 .5-2 .0  mm t h i c k ,  
f o r  s t r i p s  2 .0-5.0  mm t h i c k ,  
On t h e  b a s i s  o f  t h e s e  e q u a t i o n s ,  c o n t r o l  a l g o r i t h m s  have  been  
deve loped .  Computer s i m u l a t i o n s  show t h a t  p r o d u c t i v i t y  o f  t h e  
H S M  f o r  t h i n  s t r i p  r o l l i n g  c a n  b e  i n c r e a s e d  by 15-25%,  a n d  f o r  
t h i c k  s t r i p s  by 30-80%. 
6. C o n t r o l  o f  S t r i p  Shape and F l a t n e s s  
6 . 1  The Problems 
S t r i p  q u a l i t y  depends  on such  m e t a l  c h a r a c t e r i s t i c s  a s  p h y s i c a l  
and  mechan ica l  p r o p e r t i e s ,  s u r f a c e  c o n d i t i o n ,  gage v a r i a t i o n  
a l o n g  t h e  s t r i p  l e n g t h ,  and  s t r i p  shape  and  f l a t n e s s .  
Consumer r e q u i r e m e n t s  f o r  h o t  s t r i p  q u a l i t y  grows c o n t i n u o u s l y ;  
t h i s  i s  e s p e c i a l l y  t r u e  f o r  t h o s e  c h a r a c t e r i s t i c s  which a f f e c t  
t h e  t echn ica l - economic  i n d i c e s  o f  s t r i p  u s e r s  i n  t h e  i n d u s t r y .  
Major c a u s e s  o f  g e o m e t r i c a l  p a r a m e t e r  i n s t a b i l i t y  a r e  t h e  e l a s t i c  
d e f o r m a t i o n  o f  t h e  r o l l s ,  and  t h e i r  t e m p e r a t u r e  i n s t a b i l i t y  and 
wear [ 3 ,  3 3 f  37,  39, 64, 107,  113,  124,  130,  135,  137 ,  1381. 
The f u n d a m e n t a l s  of c u r r e n t  s y s t e m s  f o r  s t r i p  gage  c o n t r o l  w e r e  
f o r m u l a t e d  a b o u t  two d e c a d e s  ago  by Hessenbe rge r  and J e n k i n s ,  who 
were t h e  f i r s t  t o  a n a l y z e  t h e  o p e r a t i o n  of  a  m u l t i - s t a n d  m i l l  
w i t h  v a r i a t i o n s  i n  screw-down p o s i t i o n s  and s p e e d s  of s t a n d  main 
d r i v e s  [ 5 3 ] ;  by C o u r c o u l a s  and Ham, who composed i n c r e m e n t a l  
e q u a t i o n s  f o r  a  f i v e - s t a n d  m i l l  [26 ]  and  by L a i n i s  and Ford ,  who 
d e t e r m i n e d  t h e  " t e c h n o l o g i c a l "  c o e f f i c i e n t s  of v a r i a b l e s  i n  t h e s e  
e q u a t i o n s  [ 7 9 ] .  The t h e o r y  and p r a c t i c e  of  a u t o m a t i c  c o n t r o l  i n  
t h i s  f i e l d  were f u r t h e r  deve loped  by D r u z h i n i n ,  Mirer [28 ,  29, 311, 
C h e l i u s t k i n  [ 9 ] ,  F e i n b e r g ,  Vydr in  [35 ,  1511, [34 ,  1501, I leerov,  
Perelman and K a r l i k  [ l o ,  67 ,  87 ,  88 ,  1011, Mil ler ,  Maxwell ,  Wal l ace ,  
Hessenberg  [ 5 4 ,  581, and o t h e r s .  
Methods o f  gage c o n t r o l  have improved g r e a t l y  s i n c e  t h e  f i r s t  
sys t em was i n s t a l l e d  i n  t h e  USA Geneva S t e e l  Works HSM [ 7 6 ] .  The 
b e s t  sys t ems  t o d a y  r educe  l o n g i t u d i n a l  v a r i a t i o n  i n  t h i c k n e s s  t o  
k 0 . 0 5  mrn o v e r  95 t o  98% o f  t h e  l e n g t h ,  b u t  i n  s p i t e  o f  t h i s ,  t h e  
s t r i p s  do n o t  m e e t  a l l  t h e  r e q u i r e m e n t s .  
When an  a u t o m a t i c  t h i c k n e s s  c o n t r o l  sys t em i s  i n  o p e r a t i o n ,  t h e  
s t a n d  l o a d  v a r i e s  by a s  much as  2.5  MN (250  t o n s )  o r  2 .8  BIN 
(280 tons) [155], causing significant changes in strip shape and 
flatness due to elastic deformation variations in the rolls. 
Strip shape variation can be reduced by crossing longitudinal 
axes of work rolls or of back-up rolls with respect to the work 
rolls [38], by varying the pressure in cylinders of the upper 
roll balancing system [108], or by thermal shaping of rolls [ I  281 . 
But the most widespread method is hydraulic roll bending by means 
of hydraulic cylinders set between the roll necks [81, 126, 133, 
143, 144, 1461. 
Roll bending systems have a high speed of response and thus in- 
sure a good strip shape for strips of different thicknesses and 
widths. The back-up roll bending system permits shape control 
in a wide range of strips, but requires cumbersome hydraulic units 
and special roll types with stretched necks. To obtain the same 
effect as with the working roll bending system, it is necessary to 
use hydraulic cylinders with the ability to develop considerable 
force [901, which is limited by the permissible ball bearing load 
or bending stress on the roll pins [129]. 
Numerous studies [98, 128, 139, 1411 have revealed that, to compen- 
sate for strip shape variations, the necessary force applied to 
the working roll chocks should be as large as half the stand load 
during rolling. As a result, the life of the working roll ball 
bearings is shortened. Investigations made on the 1700 HSM showed 
that this life is reduced from 1860 to 742 hours [451 . 
Before automatic systems of strip shape stabilization are devel- 
oped, automatic profile and shape sensors should be made available. 
While certain sensors of strip shape in cold rolling mills have 
been designed [59, 96, 1271, there are no measuring instruments to 
monitor the strip in the HSM. This explains why the existing roll 
bending systems do not operate automatically and are used only 
as a means for mill setting. 
The s t a t e  o f  t h e  a r t  i n  t h i s  f i e l d  c a n  be  summarized a s  f o l l o w s :  
1) I n  t e r m s  o f  g e o m e t r i c a l  d imens ions  and  e s p e c i a l l y  f l a t n e s s ,  t h e  
h o t  r o l l e d  s t r i p  d o e s  n o t  f u l l y  m e e t  comsumer r e q u i r e m e n t s ;  
2 )  The main component o f  s t r i p  shape  v a r i a t i o n s  i s  t h e  work r o l l  
bend o v e r  t h e  s t r i p  w i d t h  ( t h i s  bend ing  l i n e  i s  r a t h e r  a c c u r a t e -  
l y  approximated  by q u a d r a t i c  e q u a t i o n s ) ;  
3 )  Non-uniformity o f  t h e  gap  due t o  t h e r m a l  d e f o r m a t i o n  o f  t h e  
r o l l  sys t ems  i s  s u f f i c i e n t l y  a c c u r a t e l y  approximated  by a  
p a r a b o l i c  e q u a t i o n ;  
4 )  Conven t iona l  methods used  t o  improve t h e  a c c u r a c y  o f  s t r i p  
gage  and s h a p e  a r e  i n a d e q u a t e  f o r  any d r a m a t i c  improvement i n  
h o t  r o l l e d  s t r i p  q u a l i t y ;  
5 )  The l o n g i t u d i n a l  t h i c k n e s s  and shape  o f  a  h o t  r o l l e d  s t r i p  
c a n n o t  be s t a b i l i z e d  s i m u l t a n e o u s l y  by c o n v e n t i o n a l  t h i c k n e s s  
c o n t r o l  sys t ems  measur ing  t h e  gap  by t h e  Sims method; 
6 )  The r a n g e  o f  h y d r a u l i c  r o l l  bending  sys t em a p p l i c a t i o n s  i s  
l i m i t e d  by t h e d r a m a t i c  i n c r e a s e  i n  b e a r i n g  wear and  bend ing  
stresses on t h e  r o l l  p i n s .  
6 .2  Problem S t a t e m e n t  
S t a b i l i z a t i o n  o f  s t r i p  g a g e t h i c k n e s s  i s  a c h i e v e d  by u s e  o f  gage  
c o n t r o l l e r s  i n s t a l l e d  on t h e  m i l l  s t a n d s .  When d i s t u r b a n c e s  change  
t h e  m e t a l  p r e s s u r e  on t h e  r o l l s ,  t h e  c o n t r o l l e r s  s w i t c h  on t h e  
screw-down d r i v e s  and  change  t h e  p r e s s u r e  s t i l l  f u r t h e r ;  t h i s  
r e s u l t s  i n  chang ing  r o l l  bend ing ,  which i n  t u r n  changes  t h e  r o l l  
gage and  m e t a l  s h a p e ,  which i n f l u e n c e s  s t r i p  f l a t n e s s .  
A l l  t h i s  s u g g e s t s  t h e  need  f o r  a  t e c h n i q u e  t h a t  would minimize  
v a r i a t i o n s  i n  mean s t r i p  t h i c k n e s s  and  shape .  The method t o  b e  
d e s c r i b e d ,  a  r e f i n e m e n t  o f  t h a t  p u t  forward  i n  [ 9 ]  by C h e l i u s t k i n ,  
can  be  regarded  as a way e i t h e r  t o  c o n t r o l  s t r i p  geometry o r  t o  
c o r r e c t  t h e  gage c o n t r o l l e r  s e t - p o i n t s  f o r  i n d i r e c t  measurement 
of  t h e  gap between r o l l s .  
L e t  a  f i n i s h i n g  t r a i n  c o n s i s t  o f  N s t a n d s  o f  which a l l  b u t  t h e  
l a s t  one a r e  equipped w i t h  an  a u t o m a t i c  gage c o n t r o l  sys tem u s i n g  
d a t a  on d e f l e c t i o n  of  t h e  r o l l i n g  p a r a m e t e r s  from t h e  r a t e d  v a l u e s .  
The o p t i m a l  d i s t r i b u t i o n  of  screw-down d i s p l a c e m e n t s  t h a t  w i l l  
minimize t h e  d e f l e c t i o n s  must be de termined.  The o p t i m a l i t y  
c r i t e r i o n  i s  t h e n  minimal e r r o r  i n  t h e  shape  o f  t h e  s t r i p  l e a v i n g  
t h e  f i n i s h i n g  t r a i n  as w e l l  as i n  t h e  i n t e r - s t a n d  a r e a s .  To be 
more s p e c i f i c ,  t h e  mean t h i c k n e s s  d i f f e r e n c e  a t  t h e  o u t p u t  of  t h e  
f i n i s h i n g t r a i n  shou ld  be  compensated down t o  z e r o .  
6 .3  Techno log ica l  B a s e  f o r  Problem S o l u t i o n  
F i g u r e  6 . 1  r e p r e s e n t s  t h e  upper p a r t  of  t h e  gap where L i s  t h e  
work r o l l  b a r r e l  l e n g t h  and a  i s  t h e  d i s t a n c e  between t h e  screw- 
down axes .  
The s t r i p  t h i c k n e s s  d i f f e r e n c e  a l o n g  t h e  s t r i p  w i d t h  can  be re- 
p r e s e n t e d  a s  a  sum 
where 
Ahh = component o f  s tand-housing expansion and screw- 
down b e a r i n g  compression;  
Ahr = l o n g i t u d i n a l  t h i c k n e s s  v a r i a t i o n  component due t o  
bend of  t h e  r o l l  system; 
2f = t h i c k n e s s  v a r i a t i o n  component caused by t h e  s t r i p  
shape  . 
A l s o ,  
where 
Ahl,Ah2 = components due t o  r o l l  bend measured a t  t h e  
l e f t  and r i g h t  e d g e s  o f  t h e  r o l l s  (see F i g u r e  
6 . 1 ) .  
S i n c e  t h e  r o l l  bend c u r v e  c a n  be approx ima ted  by a  q u a d r a t i c  
p a r a b o l a ,  t h e  r e l a t i o n  o f  t h e  components Ahr and  f  i s  
where B i s  t h e  s t r i p  w i d t h .  
I n  t h e  l i g h t  o f  ( 6 . 2 )  and w i t h  t h e  o r i g i n  o f  t h e  c o o r d i n a t e s  i n  
t h e  midd le  o f  t h e  r o l l  b a r r e l ,  t h e  t h i c k n e s s  v a r i a t i o n  d i s t r i -  
b u t i o n  a l o n g  t h e  s t r i p  w i d t h  i s  
where 
AP = f u l l  r o l l i n g  l o a d  i n c r e m e n t ;  
Mh = r i g i d i t y  o f  t h e  s t and-hous ing  w i t h  due  r e g a r d  
f o r  compress ion  o f  t h e  screw-down and t h e  r o l l s  
i n  c o n t a c t  w i t h  t h e  s t r i p ;  
'r 
= r i g i d i t y  o f  t h e  r o l l s ,  de t e rmined  by t h e  
t e c h n i q u e  o f  [ I581  a s  
E = Young's modulus; 
G = s h i f t  de format ion  r e s i s t a n c e ;  
D = work r o l l  d iamete r .  
Then t h e  mean s t r i p  t h i c k n e s s  v a r i a t i o n  caused by r o l l  bend w i l l  
be determined a s  
where 
- 
Mst = averaged r i g i d i t y  o f  t h e  r o l l  s t a n d  w i t h  due 
r e g a r d  f o r  r o l l  system bend. 
Note t h a t  AP g e n e r a l l y  changes s i g n  and t h u s  de te rmines  t h e  
d i r e c t i o n  o f  bend d e f l e c t i o n .  
L e t  us  c o n s i d e r  a  seven-s tand con t inuous  group (N=7) . I n t r o d u c e  
t h e  n o t a t i o n :  
i = o r d i n a l  number of  t h e  s t a n d  ( 1  < i N ) ;  
- 
- Hi,aHi = s t r i p  t h i c k n e s s  averaged o v e r  t h e  c r o s s -  
s e c t i o n  and t h i c k n e s s  d i f f e r e n c e  a t  t h e  i n -  
p u t  t o  t h e  i - t h  s t a n d ,  r e s p e c t i v e l y ;  
hi,aEi = s t r i p  t h i c k n e s s  averaged o v e r  t h e  c r o s s -  
s e c t i o n  and t h i c k n e s s  d i f f e r e n c e  a t  t h e  o u t -  
p u t  o f  t h e  i - t h  s t a n d ,  r e s p e c t i v e l y ;  
Ti = s t r i p  t empera tu re  a t  t h e  de fo rmat ion  s i t e  o f  
t h e  i - t h  s t a n d  of  t h e  f i n i s h i n g  t r a i n ;  
ASi = screw-down d i sp lacement  i n  t h e  i - t h  s t a n d .  
Then t h e  mean t h i c k n e s s  v a r i a t i o n  a t  t h e  o u t p u t  o f  t h e  s e v e n t h  
s t a n d  w i l l  be [31 
where 
ah, P nom, 
J? 
nom7 = nominal ( s e t - p o i n t )  v a l u e  o f  t h e  s t a n d  l o a d ;  
Mm7 
= s t r i p  r i g i d i t y  modulus a t  t h e  de fo rmat ion  s i t e  
o f  t h e  s e v e n t h  s t a n d ;  
a ' i = ~ o e f f i c e n t d e f i n i n g ~ i n  r e l a t i v e  u n i t s ,  t h e  s t a n d  
l o a d  change v s .  m e t a l  t e m p e r a t u r e  change by 1°c;  
a ' - ap  1 - - . - a r e  t a k e n ,  f o l l o w i n g  r e f e r e n c e  [1031, t o  
a T  'nom 
be 0.0025.  
Writing similar relations for the remaining stands (or i = 1,2, 
3,4,5,6) we will, after appropriate transformation, have the 
following expression for thickness variation at the output 
finishing train : 
Let us now use a linear form of (6.8) as the optimality criterion 
in solving the problem. Without significant loss of accuracy, 
the effect of roughed-slab thickness variation nRl on A ~ ; ( , ~ K ~ ~ " *  
K~ 1 << 1 ) can be neglected. 
As a requirement for gage and shape control, consider AS7 equal 
to zero; in other words, the screw-downs of the last stand are 
adjusted to the set-point. Non-flatness of the strip leaving 
the i-th stand is determined under specific rolling conditions 
through non-uniformity of metal elongation distribution along the 
roll barrel, which is generally found as 
1 
Hi nom - r,i-1 A .  (x) = 
1 hi nom 
It is well known that a necessary and sufficient condition for 
uniformity of metal drawing along the roll barrel is the simi- 
larity of strip cross-sections at the input and output of the 
stand rolls. From the strip cross-sections of Figure 6.2, it is 
seen that, with the above hypothesis, the metal shape at both 
sides of the roll is similar. Overall similarity of cross-sections 
is observed if and only if 
I n d e e d ,  
= p = c o n s t  . 
Assume t h a t  t h e  c o n d i t i o n  f o r  s t r i p  m e t a l  e l o n g a t i o n  u n i f o r m i t y  
a t  t h e  o u t p u t  o f  t h e  i - t h  s t a n d  i s  
S t r i p  n o n - f l a t n e s s  o c c u r s  a t  a  c e r t a i n  l a r g e s t  a d m i s s i b l e  
e l o n g a t i o n  non-un i fo rmi ty  which  c a n  b e  found  e x p e r i m e n t a l l y .  I n  
o t h e r  words ,  i n  c o n t r o l l i n g  t h e  s t r i p  geomet ry ,  t h e  i n e q u a l i t y  
s h o u l d  b e  m e t ,  where :  
i = o r d i n a l  number o f  t h e  s t a n d ,  (i = 1 , 2 ,  ..., N ) ;  
[6.] = l a r g e s t  a d m i s s i b l e  v a l u e  o f  n o n - u n i f o r m i t y  o f  
1 
e l o n g a t i o n  a l o n g  t h e  s t r i p  w i d t h  a t  which  t h e  s t r i p  
m a i n t a i n s  s t a b i l i t y .  
L e t  u s  u s e  t h e  i n e q u a l i t y  ( 6 . 1 0 )  a s  a  c o n s t r a i n t  i n  s t r i p  geome- 
t r y  c o n t r o l ;  f o r  t h i s  p u r p o s e  l e t  u s  e x p r e s s  ( 6 . 1 0 )  t h r o u g h  t h e  
t e c h n o l o g i c a l  p a r a m e t e r s .  
L e t  u s  t a k e  up t h e  f i r s t  i n t e r - s t a n d  a r e a  
- 
A p l  = M S t l ~ H l ~ g l  + g s t l ~ T 1 ~ ~ l  - M m i  K S I  AS,  . 
Denote : 
Then 
Replace t h e  r a t i o  (? hi-1) i n  t h e  i n e q u a l i t y  ( 6  . l o )  by t h e  r a t i o  
hi- 1  , nom " 1  ( ) ; t h e n ,  d e n o t i n g  h i - l  norn = a g i v e s  t h e  f l a t n e s s  
hi nom hi nom i 
c o n d i t i o n  f o r  t h e  f i r s t  i n t e r - s t a n d  a r e a ,  
o r ,  assuming t h a t  t h e  roughed s l a b  o f  t h e  f i r s t  s t a n d  does  n o t  
have l a t e r a l  t h i c k n e s s  v a r i a t i o n  ( f o  = O ) ,  w e  w i l l  have 
where 
(where 
Let us take up the second inter-stand area (i = 2): 
- - 
- AP, - Mst2~Ti2 ; ah2 - K ~ ~ A H ~  + K ~ ~ A T ~  + K ~ ~ A S ~  ; 
- 
- 
K K AZ, + K -AT1 + AT1 + ESt2KT2AT2 + 
"2 - M ~ t 2  H1 H2 St2 TI 
K K ASl - M K AS2 
+ 'St2 S1 H2 m2 S2 I 
- f2 - Y ~ ~ ~ ~ ~ ~ ~ A ~ ~  + yZKTIKHZATl + Y~ ~~~~~ + 
+ Y~~~~~~~~~~ - Y ~ ' ~ ~ A ~ ~  . 
Then the condition (6.10) for the second inter-stand area will be 
ASIKsl + AS2Ks2 5 166 - Aw6 , 
where 
Following analogous transformation, we will have for i = 3 ,  
where 
- 
'53 - Y K ~ 2 B 3  ' - ya K  '54 - - 3  T 3  
For i = 4  
K 4 1 A S 1  + K42AS2 + K 4 3 f l S 3  + K 4 4 A S  < 1641  - A W 4  4  - 
Aw4 = R 4 , A H 1  + ',,AT1 + ',,AT2 + K44AT-3 + K45AT4 I 
where 
F o r  i = 5 ,  
( 6 . 1 5 )  
w h e r e  
- K K K  - K 3 1  - Y K ~ ~  H2 H3 ~ 4 ' 5  ' K K K 3 2  - Y K ~ 2  H3 ~ 4 ' 5  ' 
F o r  i = 6 ,  
( 6 . 1 6 )  
- K ~ , A S ~  + K22AS2 + K23AS3 + K24AS + I:25AS5 + K 2 6 A S 6  - 4  
w h e r e  
Mm5 K25 = yKS5 ( -  - - 
a6K~6) ' K26 = yagR6 i Mt5 
- R2, - yKH1.. .RH5B6 i K22 - ~ ~ ~ ~ ~ ~ ~ * * . ~ ~ 5 B 6  ; 
- 
'2 3 
K K - 
Y K ~ 2 K ~ 3  H4 ~ 5 ~ 5  ' '24 - Y K ~ 3  K H4 K ~5'6 ' 
- 
'25 - Y K ~ 4 K ~ 5 B 6  ' 
- 
'26-~~~5'6 ' 
- 
- 
- 
K27 y a 6 K ~ 6  ' B6 = 1 - c l K  6 H6 
For i = 7, 
KllASl + K12AS2 + ... + K17AS7 1 6 1  - Awl (6.17) 
nwl = RlinHl + R 1 2 ~ ~ 1  + R 1 3 ~ ~ 2  + g e e  + '18AT7 I 
where 
- - K 1 l  - yKSlKH2 " '  KH6B7 K12 - YK1 2 K ~ 3  ... K ~ 6 B 7  ' 
- - 
K13 - YK~3K1H4 "' K ~ 6 B 7  ; K K K14 - Y K ~ 4  H5 ~ 6 ~ 7  ; 
- 
K15 - Y K ~ 5 K ~ 6 B 7  ' K16 = Y K ~ 6  ( -  1 -a7KH7) ; 
- 
K1 7 - Y7iS7 i p7 = I - a K  7 H7 ' 
- R 1 l  - yKH1 * a -  K ~ 6 B 7  ' = YKTIKH2 * * '  KH6B7 ; 
- R1 - Y~~~~~~ * * *  KH6B7 ; - R1 - Y~~~~~~ 'H6B7 ' 
- K K - 
'15 - Y K ~ 4  H5 ~ 5 ~ 7  ' '16 - YKT5K~6B7 
- 
'17 - YK~607 ' K18 = - YaKT7 
6.4 S o l u t i o n  P r o c e d u r e  
Making t h e  o p t i m a l i t y  c r i t e r i o n  ( 6 . 8 )  e q u a l  t o  z e r o ,  w e  w i l l  have  
KOIASl + KO2AS2 + - *  + KO7AS = - 7  ( 6 . 1 8 )  
Aw0 = a 01 1  + K 0 2 ~ ~ 1  + + R 0 7 ~ ~ 6  + K ~ ~ A T ~  , 
where 
A comple t e  i n e q u a l i t y  sys t em f o r  no n o n - f l a t n e s s  i n  a l l  i n t e r -  
s t a n d  a r e a s  and on  t h e  d e l i v e r y  t a b l e  w i l l  be  
where t h e  f i r s t  two i n e q u a l i t i e s  d e f i n e  t h e  c o n d i t i o n s  f o r  non- 
f l a t n e s s  a t  t h e  l a s t  s t a n d  (i = 7 ) ;  t h e  subsequen t  two i n e q u a l i t i e s  
d e f i n e  t h e  n o n - f l a t n e s s  c o n d i t i o n s  a t  t h e  s i x t h  s t a n d  e x i t  ( i  = 6 ) ,  
e t c .  
The l a s t  two i n e q u a l i t i e s  d e f i n e  t h e  n o n - f l a t n e s s  c o n d i t i o n  a t  t h e  
f i r s t  s t a n d  e x i t  (i = 1 ) .  L e t  u s  t r a n s f o r m  t h e  i n e q u a l i t i e s  
(6 .19)  i n t o  a  sys tem of  e q u a t i o n s ;  t o  do t h i s ,  add t h e  non-negat ive  
variables V 1  I V 8 1  v 2 1  V g I  v j I  v 1 0 I  v 4 1  V1l I v 5 1  v121 V 6 1  '13' v 7 1  
V 1 4  t o  t h e  l e f t - h a n d  p a r t s  o f  i n e q u a l i t i e s '  ( I ) ,  (21 ,  ( 3 )  , . . . ,  ( 1 4 ) ,  
and t h e n  add up t h e  e q u a t i o n s  and a r r i v e  a t  an  e q u i v a l e n t  sys tem 
- Denote Vi - Ai - yi (i = 1,2, ..., 7). Then, for the vector 
components AS(ASllAS2,...,AS6) following the appropriate solutions, 
we will have the expression 
where the matrix Ail of the sum (6.21) is found through trans- 
formation of the initial matrix: 
by crossing out (6 - i) upper rows and as many right-hand columns. 
i s  t h e  p r o d u c t  o f  t h e  t e c h n o l o g i c a l  f a c t o r s  and  i s  d e t e r m i n e d  i 1 
as  no= K 7 1 K 6 2 1 Z 5 3 K 4 4 K 3 5 K 2 6  by making ( 6  - i) m u l t i p l i e r s  on  t h e  
r i g h t - h a n d  s i d e  e q u a l  t o  u n i t y .  
The m a t r i x e s  A i 2 ,  Ai31 ,A i ,  i-l are o b t a i n e d  f rom t h e  m a t r i x  by 
c r o s s i n g  o u t  1 , 2 ,  ..., ( i  - 2)  columns o n  t h e  l e f t  a n d  as many 
lower-most  rows .  
The p r o d u c t s  ni2  , n i 3 , .  . . , n i , i - 1  are  o b t a i n e d  by e q u a t i n g  
1 , 2 ,  ..., (i - 2 )  m u l t i p l i e r s  on t h e  l e f t  t o  u n i t y ;  nm i s  t h e  
number o f  z e r o s  i n  t h e  m a t r i x  A i m  ' 
Thus ,  f o r  t h e  i n c r e m e n t  o f  t h e  c o o r d i n a t e  o f  t h e  screw-down i n  
t h e  f o u r t h  s t a n d  ( i  = 4 )  1 w e  w i l l  h a v e  
S u b s t i t u t i o n  o f  ( 6 . 2 1 )  i n t o  ( 6 . 2 0 )  g i v e s  a n  e q u a t i o n  f o r  f l a t -  
n e s s  i n  t h e  i n t e r - s t a n d  areas 
where 
bli is a matrix obtained from transformation of the matrix: 
by crossing out (7 - i) columns on the left and as many rows 
be low ; 
'1 i is a product of the technological parameters obtained from 
the product 1117 = K K K K K by equating (7 - i) K71 62 53 44 35 26 
multipliers on the left to unity; in other words, the factor of 
V4 (or b14) is 
K K K  
n,+l I 14 15 161 
(-1 I - K K K  
b1 K44K35K26 2 4  25 261 ' 
n is the number of zeros in the transformed matrix Bli. i 
Substituting equation (6.18) into (6.21) and defining zero thick- 
ness variation at the output of the last stand gives 
where 
The c o e f f i c i e n t s  b2i a r e  d e t e r m i n e d  by t h e  same fo rmulae  a s  b i l  
o r  (6 .24 )  if A 1 ,  V 1 , K l i  a r e  r e p l a c e d  by A O , O , K O i ,  r e s p e c t i v e l y ;  
i n  o t h e r  words ,  f o r  t h e  t r a n s i t i o n  b i l  -+ bi2 it i s  n e c e s s a r y  t h a t  
Then w e  w i l l  have 
where I12i = I I l i  , ( B E i  1 = 1 B l i l  w i t h  K l i  = Koi; n i s  t h e  number 
o f  z e r o s  i n  t h e  t r a n s f o r m e d  m a t r i x  B2i .  
Consequen t ly ,  t h e  s o l u t i o n  o f  t h e  problem i s  r e d u c e d  t o  s o l v i n g  
t h e  e q u a t i o n  sys t em 
To s o l v e  sys tem ( 6 . 2 7 ) ,  l e t  u s  u s e  a  s i m p l e x  method. I n t r o d u c e  
a  number o f  non-nega t ive  v a r i a b l e s  V t h a t  i s  e q u a l  t o  t h e  number i 
o f  e q u a t i o n s  i n  s y s t e m  ( 6 . 2 7 ) .  
Then we have the following linear programming problem: 
find a vector V(V1,V21...,V14)I minimizing the linear form 
'3 
1 u -+ min 
j=1 j 
whose variables satisfy the constraints 
(6.29) 
The problem was solved on an ICL 4-70 Computer for a 1700 HSM. 
6.5 Com~utation Results 
The above approach was tested on thin sheet rolling with the use 
of the above models. 
Table 6.1 gives the reduction conditions in the finishing train. 
Table 6.2 gives data characterizing the finishing rolling 
temperature in the finishing stands (from the head end of one 
strip to the tail end of the other). 
T a b l e  6 . 1  
T a b l e  6 . 2  
S t r i p  T h i c k n e s s  
and  Width ,  mm 
1 . 2  x 1250 
1 . 6  x 1250 
1 . 8  x 1250 
2 . 0  x 1250 
3. 0 x 1250 
4 . 0  x 1250 
Abso lu te  Reduc t ion  of M e t a l s  i n  F i n i s h i n g  
T r a i n  S t a n d s  (mm) 
Stand N u m b e r  
1 2 3 4 5 6 7 
1 5 . 0 0  5 .90  2. 35 1. 30 0 .80  0 . 2 8  0 . 1 7  
14 .50  6 .10  2 .  30 1 . 2 0  0. 30 0. 35 0 . 1 5  
16 .00  7 . 2 0  3 . 7 0  1 . 4 0  1 . 2 0  0 . 4 5  0 . 2 5  
1 6 . 0 0  7 .00  3 .40  1 . 7 0  1 . 2 0  0 . 4 5  0 . 2 5  
1 8 . 5 0  6. 30 3 , 2 0  1. 75 1 . 2 1  0 .79  0 .25  
13 .60  8 . 1 0  3 . 8 0  2 . 5 0  1 . 5 9  0 . 9 9  0 . 4 2  
S t r i p  T h i c k n e s s  
and  Width ,  mm 
1 . 2  x 1250 
1 . 6  x 1250 
1 . 8  x 1250 
2 . 0  x 1250 
3 . 0  x 1250 
4 . 0  x 1250 
End-of-Rol l ing  T e m p e r a t u r e  i n  t h e  F i n i s h i n g  
S tands ,  "C 
Stand N u m b e r  
1 2 3 4 5 6 7 
-174 -144 -110 -82 - 6 3  -48 -36 
-94 -74 -62 - 5 3  -45  -35  -28  
-84 - 7 1  -56 -48  -40  -30 - 2 3  
- 7 3  -62 -52 -45 -38  -30  -26  
-65 -56 -48 -42 -37 -30  -25  
-48 -42 -37 - 3 3  -30  - - 2 6  -24 
F i g u r e s  6 .3  and 6.4 g r a p h i c a l l y  r e p r e s e n t  t h e  r e s u l t s  o f  simu- 
l a t i n g  t h e  c o n t r o l  of  1 .2  x 1250 mm s t r i p  gage by t h e  method 
proposed,  and by t h e  Sims-Golovin method. The s t r i p  l e n g t h  was 
d i v i d e d  i n t o  f i v e  s e c t i o n s ,  and t h e  t h i c k n e s s  a d j u s t e d  a t  t h e  
end of  each s e c t i o n .  The gage c o n t r o l l e r s  implementing t h e  Sims- 
Golovin method a r e  i d e a l l y  a d j u s t e d ;  i n  o t h e r  words, t h e y  f u l l y  
compensate f o r  a l l  t h e  d i s t u r b a n c e s  i n  t h e  m i l l  l i n e .  
F i g u r e  6 .3  i s  a  p l o t  o f  t h e  screw rep lacements  f o r  t h e  c a s e s  
c o n s i d e r ed  and F i g u r e  6.4 shows t h e  a s s o c i a t e d  inc rements  of  
s t a n d  l o a d  a l o n g  t h e  s t r i p  l e n g t h .  
F i g u r e s  6.5-6.10 r e p r e s e n t  s i m i l a r  f u n c t i o n s  f o r  s t r i p s  measuring 
1 .6  x 1250 mm, 1 . 8  x 1250 mm, and 2.0 x 1250 mm. 
A n a l y s i s  of  t h e  r e s u l t i n g  dependences r e v e a l s  t h a t ,  i n  t h e  method 
proposed,  t h e  l a s t  con t inuous  group s t a n d s  a r e  unloaded and t h e  
f i r s t  ones  a r e  loaded .  A s  a  r e s u l t ,  t h e  s t a n d  l o a d  i s  s t a b i l i z e d ,  
and consequen t ly  t h e  s t r i p  i s  always f l a t  i n  t h e  l a s t  i n t e r - s t a n d  
a r e a .  T h i s  i s  conf i rmed by t h e  cu rve s  o f  F i g u r e s  6.11-6.14. The 
s t r i p  s t a b i l i t y  margin i s  obv ious ly  much b e t t e r  t h a n  t h a t  o b t a i n e d  
by t h e  co n v en t i o n a l  method of  gage c o n t r o l .  
The proposed method o f  s imul taneous  gage and shape c o n t r o l  of t h e  
s t r i p  has  one d i s ad v an t age  i n  t h i n  s t r i p  r o l l i n g .  With t h e  low 
t h r e a d i n g  speed ,  t h e  f r o n t  p a r t  of  t h e  s t r i p  u s u a l l y  ha s  a  
f i n i s h i n g  r o l l i n g  t em p e r a tu r e  lower t han  t h a t  of t h e  remaining 
p a r t ,  due t o  h i g h e r  l o a d  i n  t h e  l a s t  s t a n d s .  Thus, i n  t h e  pro-  
posed method, m e t a l  r e d u c t i o n  i n  t h e  f i r s t  s t a n d s  i s  i n c r e a s e d  
i n  o r d e r  t o  keep t h e  l o a d  o f  t h e  l a s t  s t a n d s  a t  t h e  p rede te rmined  
v a l u e .  But i n c r e a s e d  meta l  r e d u c t i o n  i n  t h e  f i r s t  s t a n d s  r e s u l t s  
i n  h i g h e r  h e a t  l o s s e s  o f  t h e  me t a l  and a d d i t i o n a l  d e c r e a s e  i n  
f i n i s h i n g  r o l l i n g  t empera tu re .  T he re fo r e ,  t h i s  method can  be 
used o n l y  i n  c a s e s  where t h e  f i n i s h i n g  r o l l i n g  t empera tu re  i s  n o t  
l i m i t e d  by t h e  r o l l i n g  speed ,  t h a t  i s ,  f o r  t h i c k  s t r i p  r o l l i n g .  
and f o r  r o l l i n g  t h i n  s t r i p s  a f t e r  c o i l i n g  ha s  s t a r t e d .  
For thin strip rolling, metal reduction in the last stands should 
thus be increased when rolling the front part of the strip; the 
shape is controlled by roll bending hydraulic systems. After the 
rolling speed has increased sufficiently, the proposed method 
can be applied. 
Conclusion 
As has been shown, the problem of increasing hot strip mill pro- 
duction efficiency consists of several interrelated sub-problems, 
some of which are of a conflicting nature. Investigation by 
systems analysis has permitted identification of the most critical 
combinations of technological limitations, and formulation of 
some new methods for reducing the influence of those limitations 
on the production process. In general, the problems are related 
to obtaining the required finishing rolling temperature and strip 
shape at the highest permissible rolling speed. 
The new methods proposed in this paper are: 
1) The use of thinner slabs when thick strips are to be rolled 
(to permit a lower slab heating temperature); 
2) The use of roughed-slab head end heating when rolling thin 
strips; 
3) The use of roughed slabs of varying thickness to obtain higher 
finishing rolling temperatures when thin strips are manufactured; 
4) The redistribution of metal reduction among the finishing stands 
to obtain a higher finishing rolling temperature of the strip I 
head end and a higher rolling speed after the strip is threaded 
into the coiler; 
5) The redistribution of metal reduction among the finishing 
stands to stabilize strip shape and gage. 
"I S t a n d  X I 1  
N u m b e r  
S t r i p  Length 
F i g u r e  4 . 1 .  Types of  r o l l i n g  speed p a t t e r n s  ( a )  
and d i s t r i b u t i o n  o f  Tfd  a l o n g  t h e  
s t r i p  ( b ) .  
Figure 4.2. Possibilities of improving hot 
rolled strip quality. 
F i g u r e  4 . 3 .  Dependence o f  Tfd ,  K ~ '  Vb 
on  s t r i p  t h i c k n e s s  
(Vb, Tfd  were o b t a i n e d  i n  
t h e  e x p e r i m e n t ) .  
Rough Slab Thickness, mm 
Figure 5.1. Dependence of finishing rolling 
temperature on strip and roughed- 
slab thickness. Strip thicknesses: 
1 + 1.2 mm; 2 + 1.5 mm; 3 + 2.0 mm; 
4 + 3.0 mm; 5 + 5.0 mm. 
1220 if 80 tf40 
0 S l a b  Temperature C 
F i g u r e  5.2.  Dependence o f  t h r e a d i n g  speed 
on s l a b  t empera tu re .  
1  h = 5.0  mm; 
2 h = 1 0 . 0  mm; 
3 h = 1 6 . 0  mm; H = 4 0  nun. 
P 
F i g u r e  5 .3 .  Dependence o f  p r o d u c t i v i t y  
changes  of  s l a b - h e a t i n g  
f u r n a c e  on s l a b  t e m p e r a t u r e .  
. .:.. 
S l a b  T e m p e r a t u r e  OC 
F i g u r e  5 . 4 .  D e p e n d e n c e  of electric p o w e r  
c o n s u m p t i o n  vs .  s l a b  t e m p e r a -  
ture a n d  s t r i p  s i z e :  
1 5 . 0  x 1 7 5 0  mm; 
2 1 0 . 0  x 1 7 5 0  mm; 
3 1 6 . 0  x 1 7 5 0  mm; 
H = 4 0  mrn; 
P 
0 Hsl  = 2 4 0  mm; 
X Hsl  = 1 8 0  mm. 
S l a b  T e m p e r a t u r e  OC 
F i g u r e  5 . 5 .  D e p e n d e n c e  of r o l l  w e a r  on 
s lab  t e m p e r a t u r e  a n d  s t r i p  
s i z e :  
1 5 . 0  x 1 7 5 0  mm; 
2 1 0 . 0  x 1 7 5 0  mm; 
3 1 2 . 0  x 1 7 5 0  mm; 
4 1 5 . 0  x 1 7 5 0  mm; 
0 Hsl = 2 4 0  mm; 
X Hsl = 1 8 0  mm. 
Slab  Temperature OC 
Figure  5 . 6 .  Dependence of expenses on 
s l a b  temperature and s t r i p  
s i z e .  
0 Slab  Temperature C 
F i g u r e  5 .7 .  Dependence of  AR and ARd 
on s l a b  t empera tu re  and 
s t r i p  s i z e .  
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Strip Width, mrn 
Figure 5.8. Dependence of optimum slab 
temperature (Tsl) and optimum 
roughed-slab temperature (Tp) 
on the input of the finishing 
train vs. roughed-slab width 
and thickness. 
Figu re  5 . 9 .  Dependence of op t imal  s l a b  t empera tu re  
(Ts l )  and rougher e x i t  meta l  t empera tu re  
(T  ) on s t r i p  width and t h i c k n e s s  
P 
(Hs l  = 2 4 0  mm). 
F i g u r e  5.10. Optimal (V ) , a l l owab le  (Vlim) 
o p t  
and p r a c t i c e d  (V ) t h r e a d i n g  
z 
speeds  (Hsl  = 240 mrn) . 
Slab Temperature OC 
Figure 5.11. Change of overall expenses vs. 
slab temperature. 
Roughed-Slab Length, m 
Figure 5.12. a) Roughed-slab thickness along 
its length; 
b) Rolling speed pattern along 
the strip length (strip size 
1.2 x 1250 mm, acceleration 
2 0.5 m/s ) .  
Slab Temperature OC 
Figure 5.11. Change of overall expenses vs. 
slab temperature. 
Roughed-Slab Length,  m 
F i g u r e  5.12. a )  Roughed-slab t h i c k n e s s  a l o n g  
i t s  l e n g t h ;  
b )  R o l l i n g  speed p a t t e r n  a l o n g  
t h e  s t r i p  l e n g t h  ( s t r i p  s i z e  
1 . 2  x 1250 mrn, a c c e l e r a t i o n  
2  0 .5  m / s  ) .  


F i g u r e  5 .15.  F i n i s h i n g  r o l l i n g  speed  ( a ) ,  t e m p e r a t u r e  
d i s t r i b u t i o n s  a l o n g  t h e  s t r i p  l e n g t h  ( b ) ,  
t e m p e r a t u r e  d i s t r i b u t i o n  a l o n g  t h e  roughed-  
s l a b  l e n g t h  ( c )  , r o u g h e d - s l a b  t h i c k n e s s  ( d )  
( s t r i p  s i z e  1 . 5  x 1250 mrn, 2000 m i l l ) .  
F i g u r e  5 . 1 6 .  Change o f  f i n i s h i n g  r o l l i n g  t e m p e r a t u r e  
a l o n g  t h e  s t r i p  l e n g t h :  
A - S t r i p  s i z e  2 .0  x  1050  mm, Vb = 9 . 4  m / s ,  
2 
a = 0 .039  m / s  . 
B - S t r i p  s i z e  3 . 0  x 1000  mm, Vb = 8 . 2  m / s ,  
2 
a = 0.064 m / s  . 
The cllrves w e r e  o b t a i n e d  i n  t h e  e x p e r i m e n t  
(- ) a n d  w i t h  t h e  m a t h e m a t i c a l  model  ( - - - -  1 ;  
a - w i t h o u t  s t r i p  i n t e r - s t a n d  c o o l i n g ;  
- w i t h  s t r i p  i n t e r - s t a n d  c o o l i n g .  
Figure 5.17. Change of rolling speed (a), finishing 
rolling temperature (b) , and transfer 
coefficient necessary to stabilize Tfd 
along the strip length (c) in rolling 
with high acceleration. 
F i g u r e  6 . 1 .  R o l l  b e n d i n g  by t h e  r o l l i n g  
f o r c e s .  
F i g u r e  6 .2 .  S t r i p  c r o s s - s e c t i o n  a t  t h e  s t m d  i n ~ u t  
( a )  and  o u t p u t  ( 5 ) .  
Figure 6.3. Stand screw-down replacements along the 
strip length caused by the gauge control 
(strip size 1.2 x 1250 mrn) 
---------- Sims-Golovin method, 
Proposed method. 
F i g u r e  6 .4 .  S t a n d  l o a d  c h a n g e s  a l o n g  t h e  s t r i p  
l e n g t h  L c a u s e d  by t h e  
( s t r i p  s i z e  1 . 2  x 1250 mm): 
_ _ - _ _ _ _ _ _  Sims-Golov in  method ,  
P roposed  method .  
A l l o w a b l e  6 i n  t h e  f i n i s h i n g  s t a n d s  
I - V I I  are  r e s p e c t i v e l y :  0 . 2 2 ;  0 . 2 4 ;  
0 .025 ;  0 . 08 ;  0 . 015 ;  0 . 008 ;  0 .002 ( s e e  
f o r m u l a  6 . 1 0 )  . 
F i g u r e  6 .5 .  Same as F i g u r e  6 .3  ( s t r i p  s i z e  
1 . 6  x 1250 mrn).  
F i g u r e  6.6.  Same a s  F i g u r e  6.4 ( s t r i p  s i z e  
1 .2  x 1 2 5 0  mrn) ;  6 -+ 0.06; 0.053;  
0.03; 0.02; 0.0015: 0.008; 0.002.  
F i g u r e  6 . 7 .  Same a s  F i g u r e  6 . 3  ( s t r i p  s i z e  
1.8 x 1250 mrn) . 
F i g u r e  6.8.  Same a s  F i g u r e  6 . 6  ( s t r i p  s i z e  
1.8 x 1 2 5 0  mm), 
F i g u r e  6 . 9 .  Same as Figure 6 . 3  ( s t r i p  s i z e  
2 x 1 2 5 0  m).  
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F i g u r e  6.10. Same as  F i g u r e  6 . 4  ( s k r i p  s i z e  
2 x 1250 m m ) ;  6 -+ 0.03; 0.03; 
0.025; 0.01i; Q.OOLS; 0.0~8: 
0.002. 
F i g u r e  6.11. Change of  n o n - f l a t n e s s  a l o n g  t h e  s t r i p  l e n g t h  
i n  t h e  f i n i s h i n g  s t a n d s  V - V I I  ( s t r i p  s i z e  
1 . 2  x 1250 mm). The i d e n t i f i c a t i o n  i s  t h e  
same a s  i n  F i g u r e  6 .4 .  
F i g u r e  6 . 1 2 .  Change o f  n o n - f l a t n e s s  a l o n g  t h e  s t r i p  
l e n g t h  ( s t r i p  s i z e  1 . 6  x 1 2 5 0  mm). The 
i d e n t i f i c a t i o n  i s  t h e  same a s  i n  
F i g u r e  6 . 4  and  i n  F i g u r e  6 . 1 1 .  
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F i g u r e  6.13.  Change o f  n o n - f l a t n e s s  a l o n g  t h e  s t r i p  
l e n g t h  ( s t r i p  s i z e  1 . 8  x 1250 mm). The 
i d e n t i f i c a t i o n  i s  t h e  same a s  i n  
F i g u r e  6.4 and i n  F i g u r e  6.11.  
F i g u r e  6.14. Change o f  n o n - f l a t n e s s  a l o n g  t h e  s t r i p  l e n g t h  
( s t r i p  s i z e  2.0 x 1250 mm) . The i d e n t i f i c a t i o n  
i s  t h e  same a s  i n  F i g u r e  6.4 and i n  F i g u r e  6.11. 
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